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A simple model for an expanding array of screw dislocations is developed to evaluate the size of 
the containment zone of the geometrically necessary dislocations as it relates to the indentation size 
effect.  The model as developed predicts the same functional form as the Nix-Gao model, 
H2=H0
2(1+h*/h), but a new relation for h* applies that depends only on the Burgers vector and the Taylor 
constant, where as the Nix-Gao model predicts a strong dependence of the macroscopic hardness and 
the tip angle. The continuous stiffness method, CSM, is critically examined using experimental 
measurements of varying harmonic displacement.  Large errors are identified at small depths in soft 
metals which have important consequences for interpretation of the indentation size effect.  A model is 
developed to predict the depths of which CSM breaks down, and corrections are proposed for CSM 
measurements that account for most of the error caused by the CSM. Indentations in single crystal (100) 
electropolished copper were made using three-sided pyramidal tips of varying centerline-to-face angle.  
Using this, we explore the prediction of the Nix-Gao model, that the characteristic depth is very strongly 
dependent on the included indenter angle, and of the Strader-Pharr model, that it is independent of 
depth. The Strader-Pharr model is found to account for the experimental observations more accurately 
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The indentation size effect, or ISE, is the deviation from a constant hardness versus depth curve for 
geometrically self similar indenters such as the pyramid or cone.  This effect is shown in Fig. 1.11, where 
the hardness is defined as indentation load, P, divided by the projected contact area, A.  Usually, this 
effect manifests itself as increasing hardness with decreasing depth and has been attributed to the 
discrete nature of materials at very small size scales.  
The ISE is not a new concept; the early studies of Chen & Hendrickson for Vickers indentations in 
high purity silver showed a decrease in hardness at shallow depths in comparison to large depth 
indentations.  They postulated that this effect was potentially due to an error in the measurement 
process rather than a true material effect [1.1].  This was revisited by Oliver & Pharr in 1988 by 
conducting further experiments in high purity (111) silver with a Berkovich tip, which clearly showed an 
increase of hardness with decreasing depth (Fig. 1.2) [1.2].   
To explore this effect many studies were conducted in the mid-nineties using a variety of methods 
to measure hardness with many showing a significant hardening of up to two-fold, including: single 
crystal tungsten by Stelmashenko et al. in 1993 (Fig. 1.3) [1.3], single crystal (111) silver by Ma and 
Clarke in 1995 (Fig. 1.4) [1.4], annealed and work hardened copper by Poole et al. in 1996 (Fig. 1.5) [1.5], 
and in single crystal (111) and work hardened polycrystalline copper by McElhaney et al. in 1998 (Fig. 
1.6) [1.6].  
Utilizing the datasets of McElhaney and Ma, Nix and Gao formulated a theory to model the 
indentation size effect for conical indenters assuming that the geometrically necessary dislocations 
                                                          
1
 All figures and tables are located in the section Appendix. 
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(GND’s) required to accommodate the indenter remain constrained within a hemisphere of radius equal 




where θ is the indenter angle, h is the plastic depth and b is the Burgers vector.  The total dislocation 




where ρs is the statistically stored dislocation density.  Using this in conjunction with the Taylor relation (




Combining this with the Tabor relation assuming a constraint factor of 3, 
 (1.4)  
 






where H₀ is the macroscopic hardness and the characteristic length, h*, is defined as: 
  (1.7)  
In terms of H₀ 
 . (1.8) 
Eq. (1.6) predicts that data plotted as H² vs. 1/h will yield a straight line, which was shown to hold true 
for the McElhaney (Fig. 1.8) and the Ma data (Fig. 1.9) [1.10]. This linearity is the primary evidence that 
the Nix-Gao theory is correct.   
The Nix-Gao characteristic depth, shown in Eq. (1.7)  and (1.8), predicts a strong angular 
dependence on the size effect, as tan²θ may vary by over an order of magnitude depending on the 
choice of tip.  This has not yet been experimentally explored in detail.  One work is the work of J. Lou et 
al., consisting of Berkovich and cube-corner indentations in lithographie, galvanoformung, abformung 
(LIGA) Ni which show very little hardening in the Berkovich case (Fig. 1.10a), but over two-fold hardening 
for cube corner indentation (Fig. 1.10b) [1.11]. The angular effect on indentation hardness has also been 
explored by FEM simulation by J Qin et al. using a CMSG model discussed later [1.12].  The results of this 
study, published in 2007, found a strong angular effect on the hardening behavior for modeled iridium 
(Fig. 1.11), which was in agreement with the predictions made by the Nix-Gao model.  In this work, we 
will explore if this prediction is borne out experimentally. 
While the Nix-Gao treatment of the McElhaney dataset yielded a linear relationship for a plot of 
H2 vs. 1/h, other experimental work has suggested that the linear relationship only holds only for large 
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depths, with the hardness leveling off at smaller depths.  Early evidence for this breakdown of Nix-Gao 
behavior appears in the 1996 paper by Poole et al. of Vickers indentation in annealed and work 
hardened poly-crystalline copper.  Their data plotted as H2 vs. 1/h, are curved at small depths with a 
possible linear region at small 1/h (Fig. 1.12) [1.4]. Further evidence for the breakdown in linearity is 
presented in Swadener’s 2002 paper for Berkovich indentation of electropolished Iridium.  The results of 
this study, shown in Fig. 1.13, clearly exhibit the expected linear behavior at depths larger than a micron, 
but yield a different slope for smaller depths.  They postulate that “…the most likely source of error in 
the model is the assumption that the dislocations are confined within a hemispherical volume that 
scales with the contact radius [1.13].”  A similar explanation was proposed by Feng and Nix as a result of 
a breakdown observed in indentations of both cleaved and polished MgO as shown in Fig. 1.14 [1.14] 
Huang et al. developed a finite element model to account for this hardening effect and the 
deviation from Nix-Gao behavior at small length scales.  Traditional FEM includes no length scale, so 
nanohardness would be exactly the same as macrohardness due to geometric similarity, but their 
conventional mechanism-based strain gradient plasticity, CMSG, model changes the basic flow law in 
such a way that includes a length scale which appears in a gradient in the plastic strain which is created 
by the GND’s.  Analogous to equation (1.5), the flow stress is determined by 
 (1.9)  
where M is the Taylor factor (assumed to be the Von-Mises value of  in Nix-Gao), , the Nye factor, 
which assumes that more dislocations than absolutely necessary to accommodate the plastic 
deformation are created such that 




  and ηp is the effective strain gradient.  This can be rewritten using data from the uniaxial stress-strain 
curve as 
 (1.11)  
where  is the plastic strain, f is a nondimensional function derived from the stress-strain curve, and 
 is a reference stress.  FEM simulations conducted with this constitutive law showed the predicted 
linear behavior in Nix-Gao plots (without  curves in Fig. 1.15 and Fig. 1.16) [1.15][1.16][1.17]. In 
order to investigate the breakdown, Huang et al modified their CMSG model by capping  at . 
This modification produced a similar hardening behavior including the observed breakdown in modeled 
Ir and MgO (solid curves in Fig. 1.15 and Fig. 1.16)   [1.17]. 
 Durst et al. conducted indentations tests in (100) single crystal Ni comparing results from 
traditional Oliver-Pharr and continuous stiffness, which are replotted in Fig. 1.17. They noted that while 
the data collected using the continuous stiffness method exhibited a breakaway from linearity similar to 
those mentioned earlier, the load-unload method produced a roughly linear plot.  They postulated that 
this breakdown was merely an experimental artifact of the continuous stiffness method [1.18]. 
 This study only analyzes data taken using a (100) single crystal copper sample with triangular 
pyramidal indenters.  Much more data was collected in four different materials using pyramidal and 
spherical indenters which are presented in their raw form in Table 1.1.   
It is clear that there are many unanswered questions relating to the indentation size effect.  In 
order to address some of these questions in this thesis we explore the following: 
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Part 2: A simple model of an array of infinitely straight screw dislocations expanding due to the mutual 
repulsive forces between them is developed in order to predict the size of the dislocation containment 
zone. This results in a new model that is very similar to Nix-Gao with a significant and testable difference 
in the prediction of the θ dependence of the ISE. 
Part 3: The continuous stiffness method is critically evaluated using experimental data at varying 
displacement amplitudes. A method for correcting data is proposed and evaluated. 
Part 4: The angular dependence of the ISE in (100) single crystal copper is explored using four different 
tips of varying centerline-face angle and direct measurements of the hardness.  The results are 
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Fig. 1.17 Hardness data for (100) Ni obtained by Durst et al. [1.18]plotted as H2 vs. 1/h to examine the predictions of the Nix-
Gao model for the indentation size effect[1.10]. The symbols are nanoindentation data obtained without CSM by the load-




Table 1.1 Data collected from all materials. 
Material Surface Tip Test Load Depth Machine S  Corrected S  SEM Area  
    (degrees) # (mN) (nm) (N/m) (N/m) (μm²) 
Au Vac. Annealed 35 11 0.492 304.737 9000000 83816.72   
Au Vac. Annealed 35 2 0.503 305.137 9000000 92364.81   
Au Vac. Annealed 35 4 0.538 305.267 9000000 87639.05   
Au Vac. Annealed 35 14 0.577 305.293 9000000 82217.59   
Au Vac. Annealed 35 13 0.531 307.239 9000000 84342.45   
Au Vac. Annealed 35 3 0.456 307.941 9000000 66033.24   
Au Vac. Annealed 35 8 0.535 308.696 9000000 78731.62   
Au Vac. Annealed 35 7 0.493 309.546 9000000 90747.84   
Au Vac. Annealed 35 6 0.503 309.952 9000000 73391.65   
Au Vac. Annealed 35 9 0.497 311.058 9000000 81781.41   
Au Vac. Annealed 35 5 0.526 311.105 9000000 81462.28   
Au Vac. Annealed 35 12 0.493 311.374 9000000 72635.96   
Au Vac. Annealed 35 15 0.477 311.493 9000000 85781.16   
Au Vac. Annealed 35 1 0.516 312.598 9000000 74355.68   
Au Vac. Annealed 35 10 0.474 313.59 9000000 109910.18   
Au Vac. Annealed 35 12 1.128 510.25 9000000 117822.63   
Au Vac. Annealed 35 4 1.106 512.679 9000000 116027.71   
Au Vac. Annealed 35 15 1.174 513.655 9000000 122996.63   
Au Vac. Annealed 35 8 1.083 514.211 9000000 125587.64   
Au Vac. Annealed 35 1 1.139 514.315 9000000 124329.67   
Au Vac. Annealed 35 11 1.130 514.864 9000000 124371.61   
Au Vac. Annealed 35 9 1.069 514.893 9000000 132023.18   
Au Vac. Annealed 35 6 1.156 515.19 9000000 130815.57   
Au Vac. Annealed 35 5 1.104 516.196 9000000 112996.02   
Au Vac. Annealed 35 2 1.095 516.539 9000000 143147.60   
Au Vac. Annealed 35 3 1.145 517.051 9000000 135467.12   
Au Vac. Annealed 35 10 1.095 517.244 9000000 140126.86   
Au Vac. Annealed 35 14 1.095 517.711 9000000 133929.42   
Au Vac. Annealed 35 7 1.169 517.827 9000000 112281.84   
Au Vac. Annealed 35 13 1.152 521.394 9000000 107947.52   
Au Vac. Annealed 35 15 3.437 1022.184 9000000 222958.45   
Au Vac. Annealed 35 11 1.969 1022.248 9000000 179154.96   
Au Vac. Annealed 35 13 3.432 1023.042 9000000 220346.38   
Au Vac. Annealed 35 3 2.070 1025.203 9000000 176034.61   
Au Vac. Annealed 35 6 2.020 1025.542 9000000 186260.91   
Au Vac. Annealed 35 14 3.429 1025.986 9000000 228198.40   
Au Vac. Annealed 35 12 2.005 1027.157 9000000 222366.05   
Au Vac. Annealed 35 7 2.097 1027.274 9000000 184615.77   
Au Vac. Annealed 35 4 2.076 1028.265 9000000 180635.25   
Au Vac. Annealed 35 10 2.139 1029.953 9000000 180175.90   
Au Vac. Annealed 35 8 2.136 1030.323 9000000 184104.35   
Au Vac. Annealed 35 2 2.116 1032.347 9000000 169266.78   
Au Vac. Annealed 35 5 2.046 1032.483 9000000 188642.28   
Au Vac. Annealed 35 9 2.237 1033.619 9000000 189863.33 3.22 
Au Vac. Annealed 35 1 2.224 1034.072 9000000 166550.99   




Table 1.1. Continued. 
       Material Surface Tip Test Load Depth Machine S  Corrected S  SEM Area  
    (degrees) # (mN) (nm) (N/m) (N/m) (μm²) 
Au Vac. Annealed 35 3 6.452 2049.129 9000000 323392.81   
Au Vac. Annealed 35 10 6.916 2051.267 9000000 377835.13   
Au Vac. Annealed 35 1 6.678 2052.035 9000000 384149.84   
Au Vac. Annealed 35 6 7.096 2052.308 9000000 379068.93   
Au Vac. Annealed 35 13 6.747 2052.517 9000000 344323.52   
Au Vac. Annealed 35 7 6.803 2052.635 9000000 333428.17   
Au Vac. Annealed 35 2 6.506 2053.547 9000000 359670.65   
Au Vac. Annealed 35 12 6.851 2054.248 9000000 365776.37   
Au Vac. Annealed 35 9 6.835 2055.851 9000000 323540.34   
Au Vac. Annealed 35 14 6.911 2056.645 9000000 336281.49   
Au Vac. Annealed 35 11 6.809 2057.287 9000000 421811.40   
Au Vac. Annealed 35 15 7.196 2059.047 9000000 362809.51   
Au Vac. Annealed 35 8 6.610 2060.721 9000000 315738.98   
Au Vac. Annealed 35 5 6.847 2066.368 9000000 346766.06   
Au Vac. Annealed 35 12 13.369 3072.775 9000000 497010.33   
Au Vac. Annealed 35 14 14.131 3075.007 9000000 496964.97   
Au Vac. Annealed 35 15 13.996 3075.322 9000000 502546.43   
Au Vac. Annealed 35 11 13.668 3077.53 9000000 513168.53   
Au Vac. Annealed 35 6 14.324 3078.924 9000000 514613.31   
Au Vac. Annealed 35 1 13.541 3079.748 9000000 492101.98   
Au Vac. Annealed 35 9 14.335 3079.824 9000000 525541.56   
Au Vac. Annealed 35 5 14.338 3080.196 9000000 522002.98   
Au Vac. Annealed 35 4 14.365 3080.669 9000000 515702.54   
Au Vac. Annealed 35 10 13.981 3080.911 9000000 506207.48   
Au Vac. Annealed 35 2 14.678 3082.675 9000000 473250.41   
Au Vac. Annealed 35 13 14.839 3082.951 9000000 519672.93   
Au Vac. Annealed 35 7 14.575 3085.662 9000000 557168.60   
Au Vac. Annealed 35 8 15.090 3086.651 9000000 552137.87   
Au Vac. Annealed 35 3 13.690 3091.493 9000000 569261.67   
Au Vac. Annealed 35 5 48.793 6142.748 9000000 1012322.34   
Au Vac. Annealed 35 8 49.160 6143.884 9000000 1083446.19   
Au Vac. Annealed 35 1 49.413 6146.536 9000000 945330.61   
Au Vac. Annealed 35 3 47.862 6146.619 9000000 982206.60   
Au Vac. Annealed 35 4 49.057 6148.985 9000000 1000910.41   
Au Vac. Annealed 35 7 52.084 6150.015 9000000 1000787.58   
Au Vac. Annealed 35 14 49.118 6150.299 9000000 961816.46   
Au Vac. Annealed 35 2 49.486 6151.988 9000000 980200.49   
Au Vac. Annealed 35 6 52.651 6156.14 9000000 1043661.31   
Au Vac. Annealed 35 9 50.339 6158.243 9000000 982887.48   
Au Vac. Annealed 35 10 49.174 6160.494 9000000 1049259.48 104.57 
Au Vac. Annealed 35 12 49.623 6169.355 9000000 1038473.12   
Au Vac. Annealed 35 15 50.155 6173.291 9000000 1018740.83   
Au Vac. Annealed 35 13 49.932 6176.247 9000000 1070950.39   
Au Vac. Annealed 35 11 48.044 6202.248 9000000 1150660.93   
Au Vac. Annealed 35 12 162.534 12271.3 9000000 1919817.06   
Au Vac. Annealed 35 6 164.096 12273.448 9000000 1788141.78 357.42 
Au Vac. Annealed 35 8 162.425 12276.231 9000000 1739906.50 357.94 
Au Vac. Annealed 35 7 161.794 12288.577 9000000 1825797.46 359.71 
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Table 1.1. Continued. 
       Material Surface Tip Test Load Depth Machine S  Corrected S  SEM Area  
    (degrees) # (mN) (nm) (N/m) (N/m) (μm²) 
Au Vac. Annealed 35 9 166.647 12294.5 9000000 1758543.85 358.56 
Au Vac. Annealed 35 3 165.793 12294.881 9000000 1937381.76   
Au Vac. Annealed 35 5 175.929 12295.207 9000000 1832823.08   
Au Vac. Annealed 35 2 164.977 12297.07 9000000 1729194.88   
Au Vac. Annealed 35 10 171.528 12304.364 9000000 1947394.38 382.52 
Au Vac. Annealed 35 4 172.692 12307.774 9000000 1838299.37   
Au Vac. Annealed 35 11 169.847 12307.923 9000000 1943079.68   
Au Vac. Annealed 35 13 165.335 12317.454 9000000 1856422.65   
Au Vac. Annealed 35 14 165.201 12322.874 9000000 1913861.70   
Au Vac. Annealed 35 15 164.507 12358.834 9000000 1945483.07   
Au Vac. Annealed 35 1 168.952 12395.718 9000000 2111882.18   
Au Vac. Annealed 45 12 0.380 203.038 9000000 61706.12   
Au Vac. Annealed 45 9 0.387 203.479 9000000 71074.97   
Au Vac. Annealed 45 6 0.365 204.256 9000000 64620.12   
Au Vac. Annealed 45 1 0.382 205.023 9000000 73815.80   
Au Vac. Annealed 45 11 0.365 205.075 9000000 67916.51   
Au Vac. Annealed 45 2 0.363 205.137 9000000 74717.65   
Au Vac. Annealed 45 8 0.398 205.272 9000000 75256.97   
Au Vac. Annealed 45 13 0.366 205.492 9000000 72293.42   
Au Vac. Annealed 45 15 0.384 205.586 9000000 77537.55   
Au Vac. Annealed 45 7 0.374 205.709 9000000 63505.54   
Au Vac. Annealed 45 5 0.379 206.518 9000000 57099.64   
Au Vac. Annealed 45 14 0.378 207.033 9000000 66156.42   
Au Vac. Annealed 45 10 0.364 207.799 9000000 89014.88   
Au Vac. Annealed 45 4 0.389 207.8 9000000 65134.61   
Au Vac. Annealed 45 3 0.383 208.458 9000000 78817.94   
Au Vac. Annealed 45 15 0.683 304.565 9000000 92586.75   
Au Vac. Annealed 45 1 0.690 304.686 9000000 90729.50   
Au Vac. Annealed 45 3 0.717 305.407 9000000 113890.79   
Au Vac. Annealed 45 12 0.727 305.734 9000000 121572.37   
Au Vac. Annealed 45 6 0.709 306.392 9000000 121634.29   
Au Vac. Annealed 45 5 0.693 306.462 9000000 84315.51   
Au Vac. Annealed 45 8 0.693 306.553 9000000 103926.12   
Au Vac. Annealed 45 9 0.674 306.847 9000000 83935.01   
Au Vac. Annealed 45 14 0.721 307.223 9000000 90286.49   
Au Vac. Annealed 45 13 0.699 307.302 9000000 91274.73   
Au Vac. Annealed 45 11 0.699 307.536 9000000 87618.26   
Au Vac. Annealed 45 4 0.739 307.66 9000000 116749.38   
Au Vac. Annealed 45 10 0.700 308.052 9000000 107693.11   
Au Vac. Annealed 45 7 0.708 309.507 9000000 104171.34   
Au Vac. Annealed 45 2 0.714 309.707 9000000 119639.02   
Au Vac. Annealed 45 15 1.698 511.401 9000000 177170.58   
Au Vac. Annealed 45 14 1.719 512.961 9000000 147982.23   
Au Vac. Annealed 45 13 1.707 514.163 9000000 146295.49   
Au Vac. Annealed 45 6 3.395 1022.296 9000000 220983.92   
Au Vac. Annealed 45 3 3.648 1023.382 9000000 236562.46   
Au Vac. Annealed 45 11 3.409 1023.384 9000000 248492.40   
Au Vac. Annealed 45 2 3.667 1023.949 9000000 239201.48   
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Table 1.1. Continued. 
       Material Surface Tip Test Load Depth Machine S  Corrected S  SEM Area  
    (degrees) # (mN) (nm) (N/m) (N/m) (μm²) 
Au Vac. Annealed 45 8 3.403 1024.531 9000000 218182.29   
Au Vac. Annealed 45 10 3.502 1025.641 9000000 279444.42   
Au Vac. Annealed 45 12 3.515 1025.816 9000000 194882.96   
Au Vac. Annealed 45 1 3.477 1026.023 9000000 239494.01   
Au Vac. Annealed 45 7 3.407 1027.674 9000000 225070.82   
Au Vac. Annealed 45 4 3.534 1027.986 9000000 209471.68   
Au Vac. Annealed 45 5 3.600 1028.154 9000000 234079.19   
Au Vac. Annealed 45 9 3.492 1029.455 9000000 245995.40   
Au Vac. Annealed 45 13 11.534 2042.39 9000000 498438.84   
Au Vac. Annealed 45 12 11.700 2045.096 9000000 466254.60   
Au Vac. Annealed 45 9 11.816 2045.262 9000000 458361.36 20.79 
Au Vac. Annealed 45 11 11.703 2045.872 9000000 447384.71   
Au Vac. Annealed 45 1 11.372 2045.902 9000000 469861.72   
Au Vac. Annealed 45 6 11.750 2046.492 9000000 449275.63   
Au Vac. Annealed 45 14 11.825 2046.514 9000000 431196.63   
Au Vac. Annealed 45 15 11.793 2046.814 9000000 437262.10   
Au Vac. Annealed 45 8 11.749 2047.266 9000000 451624.40 20.79 
Au Vac. Annealed 45 4 12.386 2052.075 9000000 466055.86   
Au Vac. Annealed 45 7 12.038 2053.037 9000000 466455.49 20.32 
Au Vac. Annealed 45 3 12.252 2055.455 9000000 459121.11   
Au Vac. Annealed 45 5 11.534 2057.078 9000000 476923.84   
Au Vac. Annealed 45 2 11.558 2060.603 9000000 427067.72   
Au Vac. Annealed 45 10 11.472 2064.665 9000000 476468.77   
Au Vac. Annealed 45 15 24.125 3062.957 9000000 667515.87 46.28 
Au Vac. Annealed 45 9 23.950 3063.349 9000000 681083.99   
Au Vac. Annealed 45 12 24.326 3066.176 9000000 642744.44   
Au Vac. Annealed 45 1 26.139 3067.315 9000000 639938.58   
Au Vac. Annealed 45 11 24.687 3067.348 9000000 662256.12   
Au Vac. Annealed 45 7 23.803 3070.831 9000000 668975.23   
Au Vac. Annealed 45 10 24.313 3071.762 9000000 674535.16   
Au Vac. Annealed 45 8 24.071 3073.088 9000000 682443.23   
Au Vac. Annealed 45 14 24.866 3073.409 9000000 661386.13 47.02 
Au Vac. Annealed 45 13 23.759 3073.71 9000000 652228.57 45.39 
Au Vac. Annealed 45 2 25.630 3074.381 9000000 656869.71   
Au Vac. Annealed 45 6 23.953 3074.761 9000000 648216.66   
Au Vac. Annealed 45 5 23.365 3074.781 9000000 656672.26   
Au Vac. Annealed 45 3 23.595 3078.317 9000000 654556.12   
Au Vac. Annealed 45 4 23.084 3079.042 9000000 665954.82   
Au Vac. Annealed 45 3 80.615 6121.335 9000000 1262477.39   
Au Vac. Annealed 45 7 83.306 6125.618 9000000 1303799.45   
Au Vac. Annealed 45 14 80.676 6125.799 9000000 1215309.59 175.59 
Au Vac. Annealed 45 10 83.326 6127.289 9000000 1267401.44   
Au Vac. Annealed 45 15 84.475 6129.662 9000000 1296425.83 184.54 
Au Vac. Annealed 45 5 83.593 6130.78 9000000 1258180.43   
Au Vac. Annealed 45 2 84.242 6133.179 9000000 1395866.14   
Au Vac. Annealed 45 8 81.766 6133.266 9000000 1224455.73   
Au Vac. Annealed 45 1 86.082 6139.279 9000000 1372823.86   
Au Vac. Annealed 45 13 83.098 6139.361 9000000 1289989.24 178.34 
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Table 1.1. Continued. 
       Material Surface Tip Test Load Depth Machine S  Corrected S  SEM Area  
    (degrees) # (mN) (nm) (N/m) (N/m) (μm²) 
Au Vac. Annealed 45 12 85.668 6140.976 9000000 1335655.91   
Au Vac. Annealed 45 9 83.862 6148.429 9000000 1323201.04   
Au Vac. Annealed 45 11 78.697 6155.093 9000000 1240428.67   
Au Vac. Annealed 45 6 84.291 6155.133 9000000 1380391.67   
Au Vac. Annealed 45 4 82.307 6156.025 9000000 1346649.63   
Au Vac. Annealed 45 15 302.544 12250.982 9000000 2418903.95   
Au Vac. Annealed 45 13 306.038 12253.953 9000000 2395526.07   
Au Vac. Annealed 45 9 292.122 12255.824 9000000 2323720.58   
Au Vac. Annealed 45 8 285.709 12256.136 9000000 2327960.57   
Au Vac. Annealed 45 10 301.154 12258.404 9000000 2474838.01 675.90 
Au Vac. Annealed 45 12 308.876 12277.893 9000000 2528281.72 705.68 
Au Vac. Annealed 45 2 291.912 12292.411 9000000 2326703.31   
Au Vac. Annealed 45 14 307.701 12307.884 9000000 2484429.40   
Au Vac. Annealed 45 6 306.417 12330.617 9000000 2704952.38   
Au Vac. Annealed 45 7 303.623 12332.945 9000000 2709588.49   
Au Vac. Annealed 45 1 304.091 12344.743 9000000 2593899.22   
Au Vac. Annealed 45 5 306.724 12347.831 9000000 2698167.13   
Au Vac. Annealed 45 3 307.826 12364.36 9000000 2762203.82   
Au Vac. Annealed 55 15 0.211 101.217 9000000 54067.76   
Au Vac. Annealed 55 6 0.231 101.443 9000000 48978.41   
Au Vac. Annealed 55 9 0.202 101.635 9000000 54628.70   
Au Vac. Annealed 55 1 0.234 102.156 9000000 42867.76   
Au Vac. Annealed 55 10 0.231 102.275 9000000 49210.39   
Au Vac. Annealed 55 7 0.231 102.956 9000000 52115.08   
Au Vac. Annealed 55 5 0.220 103.031 9000000 56036.60   
Au Vac. Annealed 55 2 0.221 103.789 9000000 47250.54   
Au Vac. Annealed 55 12 0.264 103.959 9000000 52780.73   
Au Vac. Annealed 55 11 0.221 104.043 9000000 51027.06   
Au Vac. Annealed 55 16 0.070 104.097 9000000 30990.83   
Au Vac. Annealed 55 3 0.235 104.118 9000000 53826.36   
Au Vac. Annealed 55 13 0.239 104.256 9000000 48310.24   
Au Vac. Annealed 55 14 0.212 104.336 9000000 54005.11   
Au Vac. Annealed 55 8 0.241 104.559 9000000 56586.84   
Au Vac. Annealed 55 4 0.271 107.226 9000000 64251.49   
Au Vac. Annealed 55 12 0.642 201.793 9000000 100287.84   
Au Vac. Annealed 55 5 0.565 202.378 9000000 76658.85   
Au Vac. Annealed 55 2 0.655 202.645 9000000 112128.69   
Au Vac. Annealed 55 10 0.593 203.395 9000000 78310.06   
Au Vac. Annealed 55 3 0.641 203.682 9000000 109046.13   
Au Vac. Annealed 55 16 0.683 204.131 9000000 97406.13   
Au Vac. Annealed 55 7 0.688 204.16 9000000 94868.20   
Au Vac. Annealed 55 6 0.650 204.428 9000000 96840.27   
Au Vac. Annealed 55 14 0.669 204.463 9000000 77167.02   
Au Vac. Annealed 55 9 0.690 205.41 9000000 103432.63   
Au Vac. Annealed 55 11 0.684 205.724 9000000 116566.79   
Au Vac. Annealed 55 13 0.681 206.292 9000000 100121.25   
Au Vac. Annealed 55 15 0.798 207.255 9000000 113537.04   
Au Vac. Annealed 55 4 0.687 207.286 9000000 101830.86   
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Table 1.1. Continued. 
       Material Surface Tip Test Load Depth Machine S  Corrected S  SEM Area  
    (degrees) # (mN) (nm) (N/m) (N/m) (μm²) 
Au Vac. Annealed 55 8 0.681 207.559 9000000 95344.44   
Au Vac. Annealed 55 1 0.718 207.721 9000000 125123.14   
Au Vac. Annealed 55 16 1.294 307.451 9000000 142216.33   
Au Vac. Annealed 55 8 1.732 510.208 9000000 155479.18   
Au Vac. Annealed 55 12 1.679 510.807 9000000 162066.27   
Au Vac. Annealed 55 4 1.664 510.984 9000000 187500.51 2.88 
Au Vac. Annealed 55 2 1.696 511.504 9000000 155415.67   
Au Vac. Annealed 55 10 1.803 511.976 9000000 155141.20   
Au Vac. Annealed 55 3 1.681 512.852 9000000 171490.01   
Au Vac. Annealed 55 6 1.686 513.583 9000000 135386.24   
Au Vac. Annealed 55 5 1.712 513.585 9000000 159553.57 3.03 
Au Vac. Annealed 55 1 1.733 513.734 9000000 160435.32   
Au Vac. Annealed 55 9 1.826 513.824 9000000 180072.93   
Au Vac. Annealed 55 11 1.799 514.359 9000000 159191.06   
Au Vac. Annealed 55 7 1.736 514.521 9000000 159958.24   
Au Vac. Annealed 55 14 5.567 1019.105 9000000 319781.57   
Au Vac. Annealed 55 3 5.534 1019.427 9000000 319128.40   
Au Vac. Annealed 55 15 5.374 1020.354 9000000 306800.03   
Au Vac. Annealed 55 8 5.679 1020.611 9000000 329981.86 9.98 
Au Vac. Annealed 55 7 5.924 1021.905 9000000 302397.64 10.13 
Au Vac. Annealed 55 5 5.713 1022.148 9000000 296962.96   
Au Vac. Annealed 55 11 5.413 1022.334 9000000 307306.30   
Au Vac. Annealed 55 6 5.249 1023.438 9000000 319662.27 9.67 
Au Vac. Annealed 55 10 5.551 1023.558 9000000 295523.55   
Au Vac. Annealed 55 13 6.014 1025.279 9000000 309718.14   
Au Vac. Annealed 55 12 5.904 1025.431 9000000 303114.80   
Au Vac. Annealed 55 9 5.696 1026.408 9000000 274766.46   
Au Vac. Annealed 55 4 5.405 1030.532 9000000 280163.63   
Au Vac. Annealed 55 1 19.648 2039.479 9000000 571746.45   
Au Vac. Annealed 55 8 18.806 2040.203 9000000 584860.28   
Au Vac. Annealed 55 10 20.096 2041.448 9000000 609727.94   
Au Vac. Annealed 55 2 19.346 2041.892 9000000 628102.39   
Au Vac. Annealed 55 3 19.387 2042.146 9000000 566059.08   
Au Vac. Annealed 55 14 19.321 2043.527 9000000 575819.90   
Au Vac. Annealed 55 4 19.689 2044.061 9000000 600892.36 39.83 
Au Vac. Annealed 55 9 19.513 2044.378 9000000 592295.82   
Au Vac. Annealed 55 6 18.725 2044.39 9000000 548531.36   
Au Vac. Annealed 55 7 18.824 2044.589 9000000 535172.65   
Au Vac. Annealed 55 11 18.621 2046.748 9000000 604072.25   
Au Vac. Annealed 55 13 19.527 2047.084 9000000 586903.33   
Au Vac. Annealed 55 5 18.533 2050.107 9000000 584572.79   
Au Vac. Annealed 55 12 19.051 2050.822 9000000 589531.17   
Au Vac. Annealed 55 15 18.667 2061.039 9000000 592804.62   
Au Vac. Annealed 55 1 39.762 3055.122 9000000 837964.48   
Au Vac. Annealed 55 10 40.182 3055.478 9000000 790848.97   
Au Vac. Annealed 55 15 40.720 3055.829 9000000 923342.65   
Au Vac. Annealed 55 5 38.560 3059.194 9000000 840909.44   
Au Vac. Annealed 55 6 38.403 3059.315 9000000 877498.19   
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Table 1.1. Continued. 
       Material Surface Tip Test Load Depth Machine S  Corrected S  SEM Area  
    (degrees) # (mN) (nm) (N/m) (N/m) (μm²) 
Au Vac. Annealed 55 13 38.753 3061.603 9000000 847946.11   
Au Vac. Annealed 55 12 39.435 3062.352 9000000 850134.32   
Au Vac. Annealed 55 14 43.907 3062.375 9000000 935641.72   
Au Vac. Annealed 55 7 40.229 3063.802 9000000 892314.04   
Au Vac. Annealed 55 9 38.817 3063.913 9000000 870185.92   
Au Vac. Annealed 55 4 39.280 3066.679 9000000 904548.06   
Au Vac. Annealed 55 8 41.631 3086.765 9000000 920656.65   
Au Vac. Annealed 55 8 141.859 6109.406 9000000 1703614.65   
Au Vac. Annealed 55 6 139.619 6113.163 9000000 1703450.76   
Au Vac. Annealed 55 13 150.242 6115.424 9000000 1751706.91   
Au Vac. Annealed 55 1 150.924 6115.554 9000000 1769084.38   
Au Vac. Annealed 55 11 148.754 6115.983 9000000 1744210.43   
Au Vac. Annealed 55 4 142.156 6116.043 9000000 1703519.01   
Au Vac. Annealed 55 10 154.805 6118.255 9000000 1768441.28   
Au Vac. Annealed 55 3 149.705 6118.96 9000000 1881936.74   
Au Vac. Annealed 55 7 143.143 6119.735 9000000 1691512.51   
Au Vac. Annealed 55 14 150.244 6120.514 9000000 1755248.65   
Au Vac. Annealed 55 5 143.106 6120.558 9000000 1689818.44   
Au Vac. Annealed 55 12 148.175 6121.29 9000000 1748359.26   
Au Vac. Annealed 55 9 146.928 6125.19 9000000 1695836.48   
Au Vac. Annealed 55 2 148.985 6126.115 9000000 1743026.79   
Au Vac. Annealed 55 15 149.387 6128.91 9000000 1689526.42   
Au Vac. Annealed 55 5 530.343 12243.954 9000000 3375856.53   
Au Vac. Annealed 55 15 569.368 12249.891 9000000 3736363.48   
Au Vac. Annealed 55 13 572.649 12250.435 9000000 3630797.66   
Au Vac. Annealed 55 11 563.561 12254.617 9000000 3680162.07   
Au Vac. Annealed 55 4 537.375 12256.015 9000000 3364340.17   
Au Vac. Annealed 55 8 589.511 12263.557 9000000 3574567.59   
Au Vac. Annealed 55 14 565.282 12264.398 9000000 3586873.93   
Au Vac. Annealed 55 9 597.894 12266.834 9000000 3709335.70   
Au Vac. Annealed 55 10 565.033 12276.848 9000000 3617883.30   
Au Vac. Annealed 55 7 593.916 12277.295 9000000 3747073.26   
Au Vac. Annealed 55 12 580.873 12278.828 9000000 3733103.39   
Au Vac. Annealed 55 6 587.955 12282.959 9000000 3619240.28   
Au Vac. Annealed 55 2 580.779 12286.964 9000000 3411291.38   
Au Vac. Annealed 55 3 562.384 12324.16 9000000 3714006.92   
Au Vac. Annealed 75 3 2.536 101.612 4500000 253726.06   
Au Vac. Annealed 75 1 2.512 101.768 4500000 241881.45   
Au Vac. Annealed 75 4 2.673 102.606 4500000 265112.39   
Au Vac. Annealed 75 5 2.673 102.606 4500000 265112.39   
Au Vac. Annealed 75 2 2.533 102.796 4500000 272445.19   
Au Vac. Annealed 75 13 6.683 201.66 4500000 480858.17   
Au Vac. Annealed 75 11 6.970 201.71 4500000 446808.56   
Au Vac. Annealed 75 9 6.790 202.066 4500000 403605.27 1.01 
Au Vac. Annealed 75 12 7.126 202.291 4500000 497497.03   
Au Vac. Annealed 75 3 6.765 202.476 4500000 461323.28   
Au Vac. Annealed 75 2 6.621 202.772 4500000 461049.71   
Au Vac. Annealed 75 14 7.146 202.805 4500000 455967.57   
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Table 1.1. Continued. 
       Material Surface Tip Test Load Depth Machine S  Corrected S  SEM Area  
    (degrees) # (mN) (nm) (N/m) (N/m) (μm²) 
Au Vac. Annealed 75 6 6.560 202.917 4500000 415893.42   
Au Vac. Annealed 75 7 6.628 203.057 4500000 460725.68   
Au Vac. Annealed 75 8 6.675 203.348 4500000 429223.14 1.06 
Au Vac. Annealed 75 5 6.897 203.364 4500000 467252.61   
Au Vac. Annealed 75 2 1.296 203.433 9000000 202351.31   
Au Vac. Annealed 75 4 7.060 203.516 4500000 379030.93   
Au Vac. Annealed 75 6 1.370 203.539 9000000 166039.57   
Au Vac. Annealed 75 7 1.380 203.556 9000000 184954.73   
Au Vac. Annealed 75 10 1.590 204.103 9000000 180750.01   
Au Vac. Annealed 75 3 1.423 204.118 9000000 155148.10   
Au Vac. Annealed 75 1 1.418 204.252 9000000 217937.56   
Au Vac. Annealed 75 15 6.826 204.524 4500000 458407.45   
Au Vac. Annealed 75 4 1.587 204.662 9000000 156456.51   
Au Vac. Annealed 75 1 6.919 204.824 4500000 466412.83   
Au Vac. Annealed 75 10 6.708 204.936 4500000 467837.56 1.15 
Au Vac. Annealed 75 9 1.577 204.972 9000000 161669.77   
Au Vac. Annealed 75 11 1.360 205.903 9000000 166307.64   
Au Vac. Annealed 75 8 1.296 207.613 9000000 142337.96   
Au Vac. Annealed 75 5 1.390 208.314 9000000 150975.11   
Au Vac. Annealed 75 12 1.470 209.079 9000000 177875.31   
Au Vac. Annealed 75 15 12.681 304.246 4500000 579777.80   
Au Vac. Annealed 75 9 12.582 304.271 4500000 698688.46   
Au Vac. Annealed 75 13 12.402 304.369 4500000 622982.93   
Au Vac. Annealed 75 7 2.884 304.639 9000000 245830.03   
Au Vac. Annealed 75 7 12.521 304.997 4500000 585999.88   
Au Vac. Annealed 75 8 3.022 305.096 9000000 252566.34   
Au Vac. Annealed 75 1 2.753 305.252 9000000 230258.94   
Au Vac. Annealed 75 8 12.660 305.482 4500000 627189.45   
Au Vac. Annealed 75 11 2.660 305.709 9000000 266998.92   
Au Vac. Annealed 75 14 2.910 305.752 9000000 260382.37   
Au Vac. Annealed 75 15 2.780 305.985 9000000 262535.74   
Au Vac. Annealed 75 6 2.860 306.076 9000000 226642.28   
Au Vac. Annealed 75 11 12.394 306.178 4500000 665873.14   
Au Vac. Annealed 75 14 12.868 306.191 4500000 564362.93 2.38 
Au Vac. Annealed 75 10 2.942 306.28 9000000 214162.20   
Au Vac. Annealed 75 3 2.724 306.873 9000000 223384.56   
Au Vac. Annealed 75 12 2.906 307.069 9000000 253478.26   
Au Vac. Annealed 75 12 12.708 307.544 4500000 584227.62 2.23 
Au Vac. Annealed 75 2 2.874 307.696 9000000 253354.19   
Au Vac. Annealed 75 13 3.251 307.844 9000000 256234.59   
Au Vac. Annealed 75 9 2.653 307.95 9000000 246914.41   
Au Vac. Annealed 75 4 2.964 308.179 9000000 251918.70   
Au Vac. Annealed 75 5 2.973 308.256 9000000 233417.64   
Au Vac. Annealed 75 10 12.328 308.778 4500000 651021.60   
Au Vac. Annealed 75 5 6.649 508.872 9000000 354419.64   
Au Vac. Annealed 75 8 6.558 509.308 9000000 370058.94 16.10 
Au Vac. Annealed 75 9 7.000 510.86 9000000 383429.89   
Au Vac. Annealed 75 6 6.762 511.349 9000000 396112.43   
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Table 1.1. Continued. 
       Material Surface Tip Test Load Depth Machine S  Corrected S  SEM Area  
    (degrees) # (mN) (nm) (N/m) (N/m) (μm²) 
Au Vac. Annealed 75 2 6.313 511.358 9000000 417269.50   
Au Vac. Annealed 75 1 6.614 511.494 9000000 376542.46   
Au Vac. Annealed 75 7 6.666 511.845 9000000 422741.88   
Au Vac. Annealed 75 11 6.550 511.951 9000000 404604.91   
Au Vac. Annealed 75 10 6.901 512.608 9000000 379456.77   
Au Vac. Annealed 75 14 6.688 512.653 9000000 411998.41   
Au Vac. Annealed 75 15 6.708 512.876 9000000 386990.74   
Au Vac. Annealed 75 3 6.534 513.732 9000000 404949.85   
Au Vac. Annealed 75 4 6.629 514.069 9000000 385787.25   
Au Vac. Annealed 75 13 6.904 514.109 9000000 415414.47   
Au Vac. Annealed 75 12 6.567 516.871 9000000 402155.08   
Au Vac. Annealed 75 7 24.404 1017.859 9000000 775617.78 58.39 
Au Vac. Annealed 75 1 23.665 1017.974 9000000 808533.60   
Au Vac. Annealed 75 2 23.919 1018.688 9000000 746950.62   
Au Vac. Annealed 75 3 23.340 1018.832 9000000 754038.12   
Au Vac. Annealed 75 8 21.622 1020.561 9000000 762689.29 54.98 
Au Vac. Annealed 75 4 21.417 1020.772 9000000 695194.83   
Au Vac. Annealed 75 5 22.812 1020.873 9000000 826137.95   
Au Vac. Annealed 75 11 22.235 1020.881 9000000 811958.85   
Au Vac. Annealed 75 10 22.733 1020.957 9000000 791298.44   
Au Vac. Annealed 75 15 23.228 1021.155 9000000 777398.00   
Au Vac. Annealed 75 9 21.400 1021.48 9000000 775910.89   
Au Vac. Annealed 75 14 22.597 1021.993 9000000 863443.87   
Au Vac. Annealed 75 12 23.270 1023.902 9000000 823559.61   
Au Vac. Annealed 75 6 22.805 1025.148 9000000 736908.70 58.67 
Au Vac. Annealed 75 13 21.600 1027.434 9000000 780400.20   
Au Vac. Annealed 75 3 172.350 3047.5 9000000 2105612.43   
Au Vac. Annealed 75 7 163.947 3047.558 9000000 2147991.68   
Au Vac. Annealed 75 5 173.807 3047.839 9000000 2322181.78 627.12 
Au Vac. Annealed 75 9 176.024 3048.54 9000000 2208603.24   
Au Vac. Annealed 75 1 183.411 3049.703 9000000 2307838.27   
Au Vac. Annealed 75 6 181.824 3050.05 9000000 2342462.44 612.84 
Au Vac. Annealed 75 10 178.566 3051.449 9000000 2220689.27   
Au Vac. Annealed 75 2 186.700 3053.633 9000000 2229601.56   
Au Vac. Annealed 75 8 173.291 3053.655 9000000 2247024.41   
Au Vac. Annealed 75 12 175.860 3053.673 9000000 2268391.06   
Au Vac. Annealed 75 11 172.702 3054.66 9000000 2389901.63   
Au Vac. Annealed 75 4 175.122 3059.551 9000000 2219536.90 577.71 
Au Vac. Annealed 75 6 698.491 5919.194 9000000 4495630.35 2511.24 
Au Vac. Annealed 75 4 692.177 5996.036 9000000 4725285.76 2511.00 
Au Vac. Annealed 75 6 694.979 5996.624 9000000 4522757.06 2515.74 
Au Vac. Annealed 75 7 695.013 6034.408 9000000 4699625.73   
Au Vac. Annealed 75 5 696.872 6048.939 9000000 4389644.25 2508.66 
Au Vac. Annealed 75 2 698.960 6062.232 9000000 4777593.80   
Au Vac. Annealed 75 3 693.351 6083.502 9000000 4736133.44   
Au Vac. Annealed 75 1 646.863 6085.704 9000000 4464478.50   
Au Vac. Annealed 75 2 653.581 6087.327 9000000 4576012.72   
Au Vac. Annealed 75 5 669.600 6100.82 9000000 4497564.90 2563.86 
35 
 
Table 1.1. Continued. 
       Material Surface Tip Test Load Depth Machine S  Corrected S  SEM Area  
    (degrees) # (mN) (nm) (N/m) (N/m) (μm²) 
Au Vac. Annealed 75 9 695.615 6102.221 9000000 4727201.91   
Au Vac. Annealed 75 8 683.349 6102.873 9000000 4814531.11   
Au Vac. Annealed 75 4 654.152 6103.166 9000000 4406285.53 2531.01 
Au Vac. Annealed 75 3 684.311 6113.557 9000000 4601366.50   
Au Vac. Annealed 75 1 697.925 6220.55 9000000 4703203.47   
Au Vac. Annealed 14 μm Sph. 3 0.263 306.682 9000000 61550.28   
Au Vac. Annealed 14 μm Sph. 14 0.253 308.36 9000000 61030.90   
Au Vac. Annealed 14 μm Sph. 13 0.280 308.423 9000000 52304.36   
Au Vac. Annealed 14 μm Sph. 11 0.276 309.202 9000000 51037.02   
Au Vac. Annealed 14 μm Sph. 9 0.305 309.666 9000000 75874.00   
Au Vac. Annealed 14 μm Sph. 10 0.316 310.482 9000000 69477.23   
Au Vac. Annealed 14 μm Sph. 12 0.269 310.945 9000000 56968.59   
Au Vac. Annealed 14 μm Sph. 2 0.265 311.454 9000000 71749.70   
Au Vac. Annealed 14 μm Sph. 5 0.316 311.622 9000000 57270.35   
Au Vac. Annealed 14 μm Sph. 1 0.279 311.744 9000000 58307.70   
Au Vac. Annealed 14 μm Sph. 15 0.326 312.709 9000000 52730.66   
Au Vac. Annealed 14 μm Sph. 7 0.277 313.379 9000000 56224.21   
Au Vac. Annealed 14 μm Sph. 8 0.293 314.547 9000000 59806.98   
Au Vac. Annealed 14 μm Sph. 6 0.291 314.798 9000000 54617.32   
Au Vac. Annealed 14 μm Sph. 4 0.278 317.685 9000000 62420.28   
Au Vac. Annealed 14 μm Sph. 8 0.616 508.122 9000000 95553.12 0.83 
Au Vac. Annealed 14 μm Sph. 3 0.600 509.478 9000000 88766.64   
Au Vac. Annealed 14 μm Sph. 10 0.586 509.734 9000000 98652.34   
Au Vac. Annealed 14 μm Sph. 9 0.620 510.014 9000000 82488.86   
Au Vac. Annealed 14 μm Sph. 13 0.622 510.519 9000000 93576.73   
Au Vac. Annealed 14 μm Sph. 11 0.592 510.685 9000000 90306.58   
Au Vac. Annealed 14 μm Sph. 2 0.632 511.487 9000000 98622.98   
Au Vac. Annealed 14 μm Sph. 5 0.637 511.591 9000000 98190.58   
Au Vac. Annealed 14 μm Sph. 12 0.608 512.214 9000000 98677.56   
Au Vac. Annealed 14 μm Sph. 14 0.635 513.681 9000000 86312.67   
Au Vac. Annealed 14 μm Sph. 4 0.653 514.586 9000000 112338.08   
Au Vac. Annealed 14 μm Sph. 15 0.694 515.758 9000000 102397.86   
Au Vac. Annealed 14 μm Sph. 6 0.685 517.263 9000000 88195.79 0.84 
Au Vac. Annealed 14 μm Sph. 7 0.718 518.211 9000000 95647.64 0.92 
Au Vac. Annealed 14 μm Sph. 6 127.434 4495.875 9000000 1374583.52   
Au Vac. Annealed 14 μm Sph. 1 130.795 4500.326 9000000 1473317.07   
Au Vac. Annealed 14 μm Sph. 5 126.127 4510.974 9000000 1377915.36   
Au Vac. Annealed 14 μm Sph. 8 124.020 4515.469 9000000 1281311.09   
Au Vac. Annealed 14 μm Sph. 2 124.662 4517.476 9000000 1238938.63   
Au Vac. Annealed 14 μm Sph. 4 132.124 4519.421 9000000 1400536.69   
Au Vac. Annealed 14 μm Sph. 7 127.926 4523.896 9000000 1352663.78   
Au Vac. Annealed 14 μm Sph. 10 139.830 4524.277 9000000 1451957.87   
Au Vac. Annealed 14 μm Sph. 11 131.846 4535.548 9000000 1299168.93   
Au Vac. Annealed 14 μm Sph. 15 172.853 6024.827 9000000 1630640.55   
Au Vac. Annealed 14 μm Sph. 3 165.172 6035.305 9000000 1571185.17   
Au Vac. Annealed 14 μm Sph. 1 171.456 6036.052 9000000 1580536.08   
Au Vac. Annealed 14 μm Sph. 8 179.963 6038.012 9000000 1679497.92   
Au Vac. Annealed 14 μm Sph. 9 164.234 6039.377 9000000 1499401.98   
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Table 1.1. Continued. 
       Material Surface Tip Test Load Depth Machine S  Corrected S  SEM Area  
    (degrees) # (mN) (nm) (N/m) (N/m) (μm²) 
Au Vac. Annealed 14 μm Sph. 11 170.678 6040.186 9000000 1560451.24   
Au Vac. Annealed 14 μm Sph. 4 158.718 6042.436 9000000 1475460.68   
Au Vac. Annealed 14 μm Sph. 12 171.216 6045.314 9000000 1591831.09   
Au Vac. Annealed 14 μm Sph. 14 161.358 6046.229 9000000 1493695.52   
Au Vac. Annealed 14 μm Sph. 6 165.897 6052.711 9000000 1513663.16   
Au Vac. Annealed 14 μm Sph. 2 171.205 6053.149 9000000 1679127.85   
Au Vac. Annealed 14 μm Sph. 10 162.861 6058.062 9000000 1550907.84   
Au Vac. Annealed 14 μm Sph. 5 163.870 6071.17 9000000 1490211.74   
Au Vac. Annealed 14 μm Sph. 7 161.686 6077.962 9000000 1628415.34   
Au Vac. Annealed 14 μm Sph. 13 166.105 6078.437 9000000 1600391.43   
Au Vac. Annealed 14 μm Sph. 10 210.672 7516.653 9000000 1809804.96   
Au Vac. Annealed 14 μm Sph. 9 202.021 7519.631 9000000 1796732.23   
Au Vac. Annealed 14 μm Sph. 13 200.555 7528.182 9000000 1780502.40   
Au Vac. Annealed 14 μm Sph. 14 202.253 7530.674 9000000 1763835.38   
Au Vac. Annealed 14 μm Sph. 5 202.791 7534.326 9000000 1802973.71   
Au Vac. Annealed 14 μm Sph. 11 212.664 7540.247 9000000 1807948.20   
Au Vac. Annealed 14 μm Sph. 12 191.602 7546.765 9000000 1648691.36   
Au Vac. Annealed 14 μm Sph. 4 198.025 7547.026 9000000 1683798.27   
Au Vac. Annealed 14 μm Sph. 15 206.761 7547.745 9000000 1679194.52   
Au Vac. Annealed 14 μm Sph. 1 214.038 7554.697 9000000 1770439.91   
Au Vac. Annealed 14 μm Sph. 2 213.526 7556.228 9000000 1824651.42   
Au Vac. Annealed 14 μm Sph. 3 212.138 7563.487 9000000 1799477.60   
Au Vac. Annealed 14 μm Sph. 7 205.882 7569.321 9000000 1750382.33   
Au Vac. Annealed 14 μm Sph. 8 207.016 7577.97 9000000 1767454.59   
Au Vac. Annealed 14 μm Sph. 6 200.166 7635.712 9000000 1842552.65   
Au Vac. Annealed 5 μm Sphere 14 50.063 1482.499 9000000 945877.11   
Au Vac. Annealed 5 μm Sphere 10 50.109 1483.873 9000000 947457.76   
Au Vac. Annealed 5 μm Sphere 5 46.752 1484.009 9000000 933335.15   
Au Vac. Annealed 5 μm Sphere 2 49.047 1484.438 9000000 906528.82   
Au Vac. Annealed 5 μm Sphere 15 49.752 1484.512 9000000 967186.41   
Au Vac. Annealed 5 μm Sphere 8 50.908 1485.83 9000000 922432.32   
Au Vac. Annealed 5 μm Sphere 13 51.288 1486.743 9000000 956105.18   
Au Vac. Annealed 5 μm Sphere 1 53.857 1487.547 9000000 934878.38   
Au Vac. Annealed 5 μm Sphere 7 48.796 1487.984 9000000 871798.74   
Au Vac. Annealed 5 μm Sphere 9 53.040 1488.134 9000000 964488.98   
Au Vac. Annealed 5 μm Sphere 3 50.197 1488.901 9000000 899430.59   
Au Vac. Annealed 5 μm Sphere 12 51.872 1489.601 9000000 967680.95   
Au Vac. Annealed 5 μm Sphere 6 48.183 1491.091 9000000 894116.49   
Au Vac. Annealed 5 μm Sphere 4 48.133 1496.489 9000000 906583.51   
Au Vac. Annealed 5 μm Sphere 11 52.201 1499.579 9000000 1000632.63   
Au Vac. Annealed 5 μm Sphere 10 24.325 1535.362 9000000 652929.78   
Au Vac. Annealed 5 μm Sphere 5 29.990 1536.804 9000000 717506.58   
Au Vac. Annealed 5 μm Sphere 12 27.136 1537.433 9000000 668049.96   
Au Vac. Annealed 5 μm Sphere 7 27.723 1538.257 9000000 655402.63   
Au Vac. Annealed 5 μm Sphere 9 28.067 1538.399 9000000 690175.39   
Au Vac. Annealed 5 μm Sphere 1 25.988 1538.714 9000000 678705.17   
Au Vac. Annealed 5 μm Sphere 4 27.900 1540.017 9000000 706733.98   
Au Vac. Annealed 5 μm Sphere 11 26.669 1540.785 9000000 654451.20   
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Table 1.1. Continued. 
       Material Surface Tip Test Load Depth Machine S  Corrected S  SEM Area  
    (degrees) # (mN) (nm) (N/m) (N/m) (μm²) 
Au Vac. Annealed 5 μm Sphere 3 26.889 1540.917 9000000 679689.86   
Au Vac. Annealed 5 μm Sphere 6 28.961 1541.53 9000000 682787.13   
Au Vac. Annealed 5 μm Sphere 8 24.752 1544.441 9000000 650696.10   
Au Vac. Annealed 5 μm Sphere 2 25.493 1545.223 9000000 685890.90   
Au Vac. Annealed 5 μm Sphere 1 36.974 2047.79 9000000 795304.56   
Au Vac. Annealed 5 μm Sphere 3 35.397 2049.377 9000000 782454.13   
Au Vac. Annealed 5 μm Sphere 4 39.251 2049.771 9000000 801771.57   
Au Vac. Annealed 5 μm Sphere 13 32.335 2052.491 9000000 657882.26   
Au Vac. Annealed 5 μm Sphere 10 34.521 2052.801 9000000 728920.19   
Au Vac. Annealed 5 μm Sphere 8 35.275 2053.334 9000000 779342.64   
Au Vac. Annealed 5 μm Sphere 6 36.654 2056.641 9000000 771269.91   
Au Vac. Annealed 5 μm Sphere 7 38.101 2056.978 9000000 805272.93   
Au Vac. Annealed 5 μm Sphere 2 37.866 2059.609 9000000 801059.98   
Au Vac. Annealed 5 μm Sphere 12 33.982 2059.799 9000000 739602.18   
Au Vac. Annealed 5 μm Sphere 11 34.559 2059.947 9000000 753628.16   
Au Vac. Annealed 5 μm Sphere 9 36.532 2064.595 9000000 757125.70   
Au Vac. Annealed 5 μm Sphere 15 33.074 2066.449 9000000 791114.57   
Au Vac. Annealed 5 μm Sphere 5 38.116 2067.506 9000000 832628.39   
Au Vac. Annealed 5 μm Sphere 14 33.241 2074.264 9000000 815993.10   
Au Vac. Annealed 5 μm Sphere 15 45.869 2558.076 9000000 864251.61   
Au Vac. Annealed 5 μm Sphere 13 44.004 2560.744 9000000 857488.14   
Au Vac. Annealed 5 μm Sphere 10 44.177 2560.99 9000000 827921.80   
Au Vac. Annealed 5 μm Sphere 12 44.639 2565.654 9000000 926148.91   
Au Vac. Annealed 5 μm Sphere 9 43.401 2566.234 9000000 826761.74   
Au Vac. Annealed 5 μm Sphere 14 44.992 2567.887 9000000 865510.72   
Au Vac. Annealed 5 μm Sphere 7 44.702 2567.893 9000000 870161.49   
Au Vac. Annealed 5 μm Sphere 6 42.869 2569.794 9000000 778633.84   
Au Vac. Annealed 5 μm Sphere 4 45.121 2573.83 9000000 891650.63   
Au Vac. Annealed 5 μm Sphere 8 43.957 2576.703 9000000 844798.98   
Au Vac. Annealed 5 μm Sphere 3 45.105 2582.075 9000000 908785.11   
Au Vac. Annealed 5 μm Sphere 1 46.331 2583.968 9000000 902977.81   
Au Vac. Annealed 5 μm Sphere 5 47.845 2585.043 9000000 952363.98   
Au Vac. Annealed 5 μm Sphere 11 43.594 2593.11 9000000 936983.05   
Au Vac. Annealed 5 μm Sphere 2 44.036 2595.947 9000000 879354.12   
Au Vac. Annealed 5 μm Sphere 10 90.304 2980.148 9000000 1163150.62   
Au Vac. Annealed 5 μm Sphere 8 86.723 2985.094 9000000 1058412.95   
Au Vac. Annealed 5 μm Sphere 7 88.224 2985.672 9000000 1102025.70   
Au Vac. Annealed 5 μm Sphere 5 86.744 2987.043 9000000 1076623.71   
Au Vac. Annealed 5 μm Sphere 12 90.053 2987.646 9000000 1247093.08   
Au Vac. Annealed 5 μm Sphere 9 90.285 2988.002 9000000 1160662.47   
Au Vac. Annealed 5 μm Sphere 15 93.835 2989.606 9000000 1175659.16   
Au Vac. Annealed 5 μm Sphere 3 90.013 2992.753 9000000 1092856.83   
Au Vac. Annealed 5 μm Sphere 13 91.066 2994.339 9000000 1080775.63   
Au Vac. Annealed 5 μm Sphere 14 88.321 2995.479 9000000 1169367.63   
Au Vac. Annealed 5 μm Sphere 6 95.022 2996.62 9000000 1175768.03   
Au Vac. Annealed 5 μm Sphere 1 94.236 2999.104 9000000 1143030.45   
Au Vac. Annealed 5 μm Sphere 4 92.175 3004.98 9000000 1140612.99   
Au Vac. Annealed 5 μm Sphere 11 94.276 3007.088 9000000 1231458.13   
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Table 1.1. Continued. 
       Material Surface Tip Test Load Depth Machine S  Corrected S  SEM Area  
    (degrees) # (mN) (nm) (N/m) (N/m) (μm²) 
Au Vac. Annealed 5 μm Sphere 2 90.010 3018.444 9000000 1171263.90   
Au Vac. Annealed 5 μm Sphere 15 135.857 4506.904 9000000 1357424.31   
Au Vac. Annealed 5 μm Sphere 13 138.025 4511.127 9000000 1459062.65   
Au Vac. Annealed 5 μm Sphere 14 135.513 4512.961 9000000 1347006.60   
Au Vac. Annealed 65 (B1338) 8 0.114 49.915 9000000 38125.76   
Au Vac. Annealed 65 (B1338) 12 0.115 50.211 9000000 45465.40   
Au Vac. Annealed 65 (B1338) 4 0.143 50.7 9000000 43721.88   
Au Vac. Annealed 65 (B1338) 2 0.126 50.757 9000000 44945.58   
Au Vac. Annealed 65 (B1338) 9 0.132 50.897 9000000 54734.48   
Au Vac. Annealed 65 (B1338) 14 0.124 51.16 9000000 35413.81   
Au Vac. Annealed 65 (B1338) 11 0.201 51.532 9000000 53205.14   
Au Vac. Annealed 65 (B1338) 13 0.117 51.677 9000000 50251.10   
Au Vac. Annealed 65 (B1338) 5 0.131 51.73 9000000 35783.79   
Au Vac. Annealed 65 (B1338) 6 0.118 51.88 9000000 42393.06   
Au Vac. Annealed 65 (B1338) 15 0.142 51.966 9000000 53942.14   
Au Vac. Annealed 65 (B1338) 7 0.129 52.144 9000000 53038.14   
Au Vac. Annealed 65 (B1338) 1 0.112 52.381 9000000 48575.75   
Au Vac. Annealed 65 (B1338) 10 0.115 52.57 9000000 43801.41   
Au Vac. Annealed 65 (B1338) 3 0.142 53.072 9000000 58989.26   
Au Vac. Annealed 65 (B1338) 3 0.477 101.314 9000000 81012.38   
Au Vac. Annealed 65 (B1338) 6 0.496 101.361 9000000 79748.06   
Au Vac. Annealed 65 (B1338) 2 0.593 101.74 9000000 91368.64   
Au Vac. Annealed 65 (B1338) 14 0.405 101.864 9000000 97731.47   
Au Vac. Annealed 65 (B1338) 10 0.418 101.873 9000000 68640.74   
Au Vac. Annealed 65 (B1338) 13 0.444 102.052 9000000 74723.97   
Au Vac. Annealed 65 (B1338) 4 0.421 102.59 9000000 79650.57   
Au Vac. Annealed 65 (B1338) 15 0.473 102.817 9000000 83408.46   
Au Vac. Annealed 65 (B1338) 1 0.458 103.101 9000000 77818.44   
Au Vac. Annealed 65 (B1338) 11 0.431 103.273 9000000 86352.10   
Au Vac. Annealed 65 (B1338) 5 0.515 103.403 9000000 75906.38   
Au Vac. Annealed 65 (B1338) 9 0.415 103.455 9000000 81200.08   
Au Vac. Annealed 65 (B1338) 12 0.479 104.139 9000000 90160.97   
Au Vac. Annealed 65 (B1338) 7 0.462 104.209 9000000 87440.02   
Au Vac. Annealed 65 (B1338) 8 0.790 139.24 9000000 104192.70   
Au Vac. Annealed 65 (B1338) 13 1.414 203.287 9000000 158205.96   
Au Vac. Annealed 65 (B1338) 15 1.428 205.186 9000000 156593.15   
Au Vac. Annealed 65 (B1338) 14 1.454 229.252 9000000 193990.13   
Au Vac. Annealed 65 (B1338) 3 1.223 305.155 9000000 146043.04 2.21 
Au Vac. Annealed 65 (B1338) 9 1.289 306.377 9000000 139141.27   
Au Vac. Annealed 65 (B1338) 12 1.285 306.643 9000000 120777.11   
Au Vac. Annealed 65 (B1338) 7 1.343 306.681 9000000 158643.56   
Au Vac. Annealed 65 (B1338) 10 1.212 307.175 9000000 134685.34   
Au Vac. Annealed 65 (B1338) 11 1.288 307.599 9000000 137150.49   
Au Vac. Annealed 65 (B1338) 2 1.341 307.778 9000000 130822.39 2.44 
Au Vac. Annealed 65 (B1338) 14 1.271 308.721 9000000 168172.84   
Au Vac. Annealed 65 (B1338) 1 1.369 308.935 9000000 134530.85 2.20 
Au Vac. Annealed 65 (B1338) 5 1.333 309.205 9000000 132427.93   
Au Vac. Annealed 65 (B1338) 6 1.366 309.232 9000000 136822.15   
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       Material Surface Tip Test Load Depth Machine S  Corrected S  SEM Area  
    (degrees) # (mN) (nm) (N/m) (N/m) (μm²) 
Au Vac. Annealed 65 (B1338) 13 1.359 309.333 9000000 166746.96   
Au Vac. Annealed 65 (B1338) 8 1.303 309.713 9000000 138490.09   
Au Vac. Annealed 65 (B1338) 15 1.248 310.383 9000000 113655.35   
Au Vac. Annealed 65 (B1338) 4 1.230 310.399 9000000 149579.62   
Au Vac. Annealed 65 (B1338) 14 2.977 509.948 9000000 230694.36   
Au Vac. Annealed 65 (B1338) 10 3.221 510.081 9000000 231713.57   
Au Vac. Annealed 65 (B1338) 1 3.129 510.471 9000000 230949.74   
Au Vac. Annealed 65 (B1338) 7 3.034 511.153 9000000 218074.08   
Au Vac. Annealed 65 (B1338) 5 3.074 511.281 9000000 220347.55 6.04 
Au Vac. Annealed 65 (B1338) 6 3.283 511.629 9000000 222644.77 5.78 
Au Vac. Annealed 65 (B1338) 9 3.003 512.192 9000000 197097.82   
Au Vac. Annealed 65 (B1338) 8 2.948 512.398 9000000 198303.02   
Au Vac. Annealed 65 (B1338) 12 2.976 512.416 9000000 214878.10   
Au Vac. Annealed 65 (B1338) 16 3.081 512.54 9000000 221465.11   
Au Vac. Annealed 65 (B1338) 2 3.205 512.691 9000000 225784.26   
Au Vac. Annealed 65 (B1338) 13 3.121 513.083 9000000 235115.33   
Au Vac. Annealed 65 (B1338) 11 3.334 513.378 9000000 226678.82   
Au Vac. Annealed 65 (B1338) 4 3.096 513.642 9000000 213403.40 6.11 
Au Vac. Annealed 65 (B1338) 3 3.236 513.902 9000000 218402.86   
Au Vac. Annealed 65 (B1338) 15 3.125 515.021 9000000 225467.85   
Au Vac. Annealed 65 (B1338) 15 9.541 1017.599 9000000 419947.71   
Au Vac. Annealed 65 (B1338) 14 10.630 1018.844 9000000 432343.49   
Au Vac. Annealed 65 (B1338) 13 10.513 1020.345 9000000 451509.48   
Au Vac. Annealed 65 (B1338) 9 9.918 1020.665 9000000 437401.89   
Au Vac. Annealed 65 (B1338) 12 9.955 1020.929 9000000 461392.47   
Au Vac. Annealed 65 (B1338) 4 10.494 1021.031 9000000 442153.43   
Au Vac. Annealed 65 (B1338) 5 10.043 1021.328 9000000 435897.28   
Au Vac. Annealed 65 (B1338) 16 9.726 1021.468 9000000 429089.79   
Au Vac. Annealed 65 (B1338) 10 10.070 1021.529 9000000 462143.89   
Au Vac. Annealed 65 (B1338) 11 10.175 1021.627 9000000 427589.13   
Au Vac. Annealed 65 (B1338) 6 10.013 1022.267 9000000 431104.43   
Au Vac. Annealed 65 (B1338) 8 11.478 1022.607 9000000 464971.83   
Au Vac. Annealed 65 (B1338) 2 10.114 1022.743 9000000 417382.55 21.18 
Au Vac. Annealed 65 (B1338) 3 10.324 1024.414 9000000 417191.94 22.22 
Au Vac. Annealed 65 (B1338) 1 10.221 1027.844 9000000 427125.68 21.07 
Au Vac. Annealed 65 (B1338) 7 10.259 1034.619 9000000 437650.18   
Au Vac. Annealed 65 (B1338) 1 34.669 2039.64 9000000 917195.61 87.49 
Au Vac. Annealed 65 (B1338) 6 40.036 2040.422 9000000 955977.75   
Au Vac. Annealed 65 (B1338) 8 37.526 2041.853 9000000 881079.59   
Au Vac. Annealed 65 (B1338) 11 40.456 2041.863 9000000 937969.44   
Au Vac. Annealed 65 (B1338) 16 40.020 2044.059 9000000 892591.81   
Au Vac. Annealed 65 (B1338) 4 39.349 2044.378 9000000 956737.98   
Au Vac. Annealed 65 (B1338) 13 38.086 2044.458 9000000 948711.51   
Au Vac. Annealed 65 (B1338) 14 37.719 2044.777 9000000 952965.33   
Au Vac. Annealed 65 (B1338) 3 46.106 2044.971 9000000 976939.33 88.44 
Au Vac. Annealed 65 (B1338) 5 38.688 2045.978 9000000 899739.27   
Au Vac. Annealed 65 (B1338) 15 39.925 2046.304 9000000 887180.27   
Au Vac. Annealed 65 (B1338) 7 38.947 2047.088 9000000 902651.39   
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Table 1.1. Continued. 
       Material Surface Tip Test Load Depth Machine S  Corrected S  SEM Area  
    (degrees) # (mN) (nm) (N/m) (N/m) (μm²) 
Au Vac. Annealed 65 (B1338) 10 37.470 2047.834 9000000 970328.68   
Au Vac. Annealed 65 (B1338) 2 39.166 2049.268 9000000 960686.50 85.52 
Au Vac. Annealed 65 (B1338) 9 38.694 2049.65 9000000 924847.06   
Au Vac. Annealed 65 (B1338) 12 38.160 2056.619 9000000 951779.24   
Au Vac. Annealed 65 (B1338) 15 81.824 3058.875 9000000 1282276.92   
Au Vac. Annealed 65 (B1338) 12 79.802 3059.206 9000000 1195848.37   
Au Vac. Annealed 65 (B1338) 16 80.535 3061.795 9000000 1243658.81   
Au Vac. Annealed 65 (B1338) 9 82.527 3062.18 9000000 1279062.97   
Au Vac. Annealed 65 (B1338) 13 81.361 3065.275 9000000 1398445.70   
Au Vac. Annealed 65 (B1338) 5 77.355 3066.012 9000000 1377947.62   
Au Vac. Annealed 65 (B1338) 11 85.157 3066.128 9000000 1404713.18   
Au Vac. Annealed 65 (B1338) 10 80.976 3067.751 9000000 1297187.94   
Au Vac. Annealed 65 (B1338) 8 74.733 3069.29 9000000 1293487.63   
Au Vac. Annealed 65 (B1338) 7 79.894 3071.89 9000000 1314263.37   
Au Vac. Annealed 65 (B1338) 14 82.231 3072.412 9000000 1409561.46   
Au Vac. Annealed 65 (B1338) 4 83.736 3073.75 9000000 1368536.07   
Au Vac. Annealed 65 (B1338) 2 79.124 3074.382 9000000 1369120.88 196.22 
Au Vac. Annealed 65 (B1338) 6 81.083 3077.392 9000000 1394859.50   
Au Vac. Annealed 65 (B1338) 1 79.387 3081.326 9000000 1448347.17 197.50 
Au Vac. Annealed 65 (B1338) 3 83.410 3081.599 9000000 1381754.51 198.98 
Au Vac. Annealed 65 (B1338) 4 280.883 6108.815 9000000 2585973.10   
Au Vac. Annealed 65 (B1338) 6 315.039 6111.835 9000000 2874825.95   
Au Vac. Annealed 65 (B1338) 11 311.897 6117.905 9000000 2812090.15   
Au Vac. Annealed 65 (B1338) 2 288.075 6120.088 9000000 2688341.42 775.00 
Au Vac. Annealed 65 (B1338) 5 294.092 6123.943 9000000 2583319.73   
Au Vac. Annealed 65 (B1338) 1 294.565 6127.219 9000000 2819104.93 806.11 
Au Vac. Annealed 65 (B1338) 9 298.073 6129.366 9000000 2786287.44   
Au Vac. Annealed 65 (B1338) 8 282.460 6134.416 9000000 2792073.07   
Au Vac. Annealed 65 (B1338) 3 300.300 6138.578 9000000 2864087.19 822.72 
Au Vac. Annealed 65 (B1338) 10 304.273 6140.662 9000000 2949895.28   
Au Vac. Annealed 65 (B1338) 8 699.650 9239.066 9000000 4292819.47   
Au Vac. Annealed 65 (B1338) 3 694.016 9246.924 9000000 4096632.21   
Au Vac. Annealed 65 (B1338) 7 699.389 9258.734 9000000 4187531.51   
Au Vac. Annealed 65 (B1338) 11 695.276 9348.026 9000000 4225906.90 1979.41 
Au Vac. Annealed 65 (B1338) 9 699.800 9357.226 9000000 4140703.23   
Au Vac. Annealed 65 (B1338) 2 697.910 9422.116 9000000 4245747.14   
Au Vac. Annealed 65 (B1338) 6 696.335 9426.023 9000000 4235375.43   
Au Vac. Annealed 65 (B1338) 12 693.661 9439.396 9000000 4291168.25 2013.85 
Au Vac. Annealed 65 (B1338) 1 693.985 9510.558 9000000 4200613.95   
Au Vac. Annealed 65 (B1338) 10 696.568 9540.754 9000000 4313636.94 2075.44 
Au Vac. Annealed 65 (B1338) 5 696.085 9651.372 9000000 4486652.66   
Au Vac. Annealed 65 (B1338) 4 692.389 9678.805 9000000 4271927.82   
Cu (100) Electropolished 35 2 0.513 308.446 7900000 79758.58 0.37 
Cu (100) Electropolished 35 4 0.517 310.219 7900000 86140.33 0.38 
Cu (100) Electropolished 35 3 0.520 310.344 7900000 73141.88 0.38 
Cu (100) Electropolished 35 5 3.634 1023.412 7900000 271196.67 3.08 
Cu (100) Electropolished 35 6 3.590 1025.256 7900000 288282.03 3.18 
Cu (100) Electropolished 35 2 3.718 1026.486 7900000 276148.73 3.41 
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Table 1.1. Continued. 
       Material Surface Tip Test Load Depth Machine S  Corrected S  SEM Area  
    (degrees) # (mN) (nm) (N/m) (N/m) (μm²) 
Cu (100) Electropolished 35 3 3.722 1027.364 7900000 263453.31 3.33 
Cu (100) Electropolished 35 4 3.595 1028.984 7900000 297175.79 3.34 
Cu (100) Electropolished 35 3 24.628 3072.422 7900000 795583.73 27.01 
Cu (100) Electropolished 35 5 25.420 3072.927 7900000 842330.39 28.01 
Cu (100) Electropolished 35 2 24.766 3073.455 7900000 799655.49 27.42 
Cu (100) Electropolished 35 6 25.783 3074.439 7900000 855191.53 28.33 
Cu (100) Electropolished 35 1 25.169 3075.803 7900000 784696.08 28.35 
Cu (100) Electropolished 35 4 25.305 3075.805 7900000 824782.48 27.52 
Cu (100) Electropolished 35 6 83.769 6143.376 7900000 1637038.97 105.96 
Cu (100) Electropolished 35 7 85.013 6145.333 7900000 1683965.97 106.72 
Cu (100) Electropolished 35 8 88.715 6150.064 7900000 1779808.46 113.34 
Cu (100) Electropolished 35 4 85.615 6152.327 7900000 1704770.27 107.52 
Cu (100) Electropolished 35 5 85.296 6152.438 7900000 1695517.34 106.19 
Cu (100) Electropolished 35 7 206.474 10235.36 7900000 2776978.19 257.85 
Cu (100) Electropolished 35 4 203.463 10243.042 7900000 2714332.75 252.60 
Cu (100) Electropolished 35 5 204.547 10244.928 7900000 2747468.56 254.57 
Cu (100) Electropolished 35 3 202.115 10245.251 7900000 2708481.39 250.32 
Cu (100) Electropolished 35 6 208.975 10248.839 7900000 2732765.93 257.60 
Cu (100) Electropolished 35 1 204.728 10265.335 7900000 2720775.90 254.30 
Cu (100) Electropolished 35 1 1467.857 30764.579 7900000 8058403.37 2292.63 
Cu (100) Electropolished 45 5 0.222 107.806 7900000 53364.58 0.16 
Cu (100) Electropolished 45 6 0.223 108.614 7900000 70557.35 0.17 
Cu (100) Electropolished 45 4 0.217 109.979 7900000 73332.49 0.16 
Cu (100) Electropolished 45 3 0.216 112.953 7900000 73332.49 0.15 
Cu (100) Electropolished 45 1 0.978 307.869 7900000 121698.16 0.82 
Cu (100) Electropolished 45 4 0.964 309.007 7900000 120687.11 0.81 
Cu (100) Electropolished 45 2 0.983 309.663 7900000 131881.19 0.83 
Cu (100) Electropolished 45 9 0.976 309.982 7900000 146403.56 0.81 
Cu (100) Electropolished 45 10 0.957 310.487 7900000 127311.11 0.80 
Cu (100) Electropolished 45 3 0.971 310.671 7900000 147038.75 0.82 
Cu (100) Electropolished 45 5 0.968 312.373 7900000 136924.41 0.81 
Cu (100) Electropolished 45 6 0.983 312.422 7900000 137903.11 0.83 
Cu (100) Electropolished 45 3 6.384 1021.901 7900000 357035.92 6.39 
Cu (100) Electropolished 45 6 6.360 1022.456 7900000 367912.93 6.98 
Cu (100) Electropolished 45 2 6.490 1022.481 7900000 396131.77 6.90 
Cu (100) Electropolished 45 4 6.212 1023.655 7900000 335110.29 6.79 
Cu (100) Electropolished 45 5 6.277 1025.661 7900000 401593.32 6.75 
Cu (100) Electropolished 45 6 39.032 3055.772 7900000 992240.56 48.66 
Cu (100) Electropolished 45 7 38.176 3056.865 7900000 976427.42 47.35 
Cu (100) Electropolished 45 5 39.585 3059.207 7900000 995725.67 49.47 
Cu (100) Electropolished 45 4 44.063 3064.126 7900000 1036749.82 53.11 
Cu (100) Electropolished 45 10 127.794 6095.429 7900000 2000926.77 182.60 
Cu (100) Electropolished 45 11 128.732 6097.284 7900000 1876521.83 182.77 
Cu (100) Electropolished 45 5 131.157 6101.103 7900000 1855995.26 180.24 
Cu (100) Electropolished 45 9 128.128 6103.025 7900000 1818807.20 184.89 
Cu (100) Electropolished 55 10 1.340 301.8 7900000 148932.96 1.17 
Cu (100) Electropolished 55 9 1.356 302.9 7900000 180118.09 1.07 
Cu (100) Electropolished 55 7 1.385 303.108 7900000 134786.44 1.21 
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Table 1.1. Continued. 
       Material Surface Tip Test Load Depth Machine S  Corrected S  SEM Area  
    (degrees) # (mN) (nm) (N/m) (N/m) (μm²) 
Cu (100) Electropolished 55 8 1.374 305.345 7900000 132451.33 1.18 
Cu (100) Electropolished 55 5 10.528 1014 7900000 506493.46 11.73 
Cu (100) Electropolished 55 4 10.528 1014.615 7900000 506610.04 12.60 
Cu (100) Electropolished 55 3 11.159 1015.23 7900000 524844.66 12.91 
Cu (100) Electropolished 55 6 10.767 1017 7900000 480510.14 12.37 
Cu (100) Electropolished 55 5 73.277 3044.231 7900000 1517008.91 105.15 
Cu (100) Electropolished 55 6 75.695 3045.19 7900000 1517306.60 107.46 
Cu (100) Electropolished 55 3 71.742 3047.031 7900000 1407454.09 99.28 
Cu (100) Electropolished 55 4 76.691 3049.513 7900000 1414514.12 111.69 
Cu (100) Electropolished 55 3 247.032 6097.19 7900000 3281629.90 325.26 
Cu (100) Electropolished 55 3 247.032 6097.19 7900000 3442769.42 325.26 
Cu (100) Electropolished 55 7 246.018 6103.117 7900000 3304304.52 379.41 
Cu (100) Electropolished 55 6 270.908 6106.846 7900000 3487997.60 330.27 
Cu (100) Electropolished 55 5 266.575 6112.898 7900000 3210389.87 356.75 
Cu (100) Electropolished 55 5 614.259 10182.228 7900000 4495880.52 904.75 
Cu (100) Electropolished 55 7 606.514 10193.004 7900000 4781351.71 912.75 
Cu (100) Electropolished 55 3 652.115 10202.562 7900000 4370399.80 935.52 
Cu (100) Electropolished 55 3 2120.981 20369.238 7900000 8714949.13 3424.23 
Cu (100) Electropolished 55 5 2076.012 20379.478 7900000 8653973.28 3456.61 
Cu (100) Electropolished 55 4 2191.654 20383.717 7900000 8982652.16 3525.60 
Cu (100) Electropolished 65 6 0.364 102.399 7900000 98820.77 0.25 
Cu (100) Electropolished 65 8 0.378 102.547 7900000 90105.69 0.29 
Cu (100) Electropolished 65 7 0.369 102.858 7900000 79774.29 0.28 
Cu (100) Electropolished 65 9 0.370 103.645 7900000 74370.32 0.31 
Cu (100) Electropolished 65 10 0.350 103.654 7900000 86051.41 0.27 
Cu (100) Electropolished 65 2 2.205 303.342 7900000 226464.37 2.13 
Cu (100) Electropolished 65 4 2.208 303.773 7900000 255154.40 2.24 
Cu (100) Electropolished 65 5 2.239 303.861 7900000 181070.61 2.32 
Cu (100) Electropolished 65 9 2.211 304.628 7900000 211399.38 2.35 
Cu (100) Electropolished 65 7 2.239 304.869 7900000 206590.34 2.28 
Cu (100) Electropolished 65 6 2.218 304.89 7900000 197514.69 2.17 
Cu (100) Electropolished 65 1 2.262 305.224 7900000 259171.63 2.42 
Cu (100) Electropolished 65 3 2.225 305.344 7900000 251313.52 2.33 
Cu (100) Electropolished 65 8 2.442 311.812 7900000 248648.88 2.48 
Cu (100) Electropolished 65 7 18.882 1017.046 7900000 710618.83 24.48 
Cu (100) Electropolished 65 3 18.551 1017.378 7900000 733392.88 25.31 
Cu (100) Electropolished 65 10 17.815 1019.551 7900000 708803.58 24.73 
Cu (100) Electropolished 65 8 18.489 1019.599 7900000 727382.13 25.07 
Cu (100) Electropolished 65 9 18.193 1019.94 7900000 697089.77 24.19 
Cu (100) Electropolished 65 11 18.108 1020.397 7900000 646026.72 26.35 
Cu (100) Electropolished 65 12 17.637 1020.75 7900000 702100.48 25.54 
Cu (100) Electropolished 65 5 19.435 1027.262 7900000 717805.22 25.83 
Cu (100) Electropolished 65 12 127.355 3051.994 7900000 2046287.37 219.19 
Cu (100) Electropolished 65 8 126.922 3054.449 7900000 2125269.13 216.76 
Cu (100) Electropolished 65 10 127.614 3056.146 7900000 2035965.02 211.54 
Cu (100) Electropolished 65 11 122.571 3056.474 7900000 2007205.76 210.37 
Cu (100) Electropolished 65 7 125.229 3056.787 7900000 2070412.61 212.70 
Cu (100) Electropolished 65 3 124.976 3057.327 7900000 2031154.86 210.08 
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Table 1.1. Continued. 
       Material Surface Tip Test Load Depth Machine S  Corrected S  SEM Area  
    (degrees) # (mN) (nm) (N/m) (N/m) (μm²) 
Cu (100) Electropolished 65 9 129.947 3059.788 7900000 2023596.62 213.70 
Cu (100) Electropolished 65 5 126.410 3062.888 7900000 2115458.71 212.11 
Cu (100) Electropolished 65 1 123.895 3064.335 7900000 2088250.47 212.97 
Cu (100) Electropolished 65 3 414.254 6102.315 7900000 3905494.86 694.23 
Cu (100) Electropolished 65 5 420.500 6103.777 7900000 3984538.05 700.43 
Cu (100) Electropolished 65 1 421.362 6105.605 7900000 3950613.76 699.81 
Cu (100) Electropolished 65 8 425.660 6107.114 7900000 3993607.71 697.37 
Cu (100) Electropolished 65 7 406.593 6107.733 7900000 3891209.93 686.38 
Cu (100) Electropolished 14 μm Sph. 3 17.270 1025.99 9000000 501046.86   
Cu (100) Electropolished 14 μm Sph. 8 21.041 1026.126 9000000 555800.35   
Cu (100) Electropolished 14 μm Sph. 5 21.088 1026.783 9000000 556170.07   
Cu (100) Electropolished 14 μm Sph. 9 20.992 1026.844 9000000 535881.90   
Cu (100) Electropolished 14 μm Sph. 4 20.953 1027.177 9000000 548246.27   
Cu (100) Electropolished 14 μm Sph. 6 21.253 1027.255 9000000 534620.20   
Cu (100) Electropolished 14 μm Sph. 7 21.286 1027.525 9000000 577042.65   
Cu (100) Electropolished 14 μm Sph. 2 21.794 1027.922 9000000 544599.48   
Cu (100) Electropolished 14 μm Sph. 1 21.062 1028.164 9000000 564547.61   
Cu (100) Electropolished 14 μm Sph. 11 17.423 1029.515 9000000 534162.38   
Cu (100) Electropolished 14 μm Sph. 10 18.915 1032.491 9000000 533545.91   
Cu (100) Electropolished 14 μm Sph. 14 25.105 1540.143 9000000 678641.92   
Cu (100) Electropolished 14 μm Sph. 15 28.849 1545.459 9000000 671498.85   
Cu (100) Electropolished 5 μm Sphere 8 6.818 512.273 9000000 319062.18   
Cu (100) Electropolished 5 μm Sphere 15 8.557 512.607 9000000 349308.95   
Cu (100) Electropolished 5 μm Sphere 6 9.575 513.031 9000000 363881.60   
Cu (100) Electropolished 5 μm Sphere 13 6.754 513.379 9000000 304335.56   
Cu (100) Electropolished 5 μm Sphere 5 9.384 513.528 9000000 355027.83   
Cu (100) Electropolished 5 μm Sphere 11 6.707 514.157 9000000 341397.08   
Cu (100) Electropolished 5 μm Sphere 7 6.704 514.223 9000000 332347.59   
Cu (100) Electropolished 5 μm Sphere 2 6.071 514.572 9000000 363984.71   
Cu (100) Electropolished 5 μm Sphere 14 7.705 515.676 9000000 348865.34   
Cu (100) Electropolished 5 μm Sphere 1 7.125 515.917 9000000 360806.75   
Cu (100) Electropolished 5 μm Sphere 9 6.694 516.437 9000000 316813.80   
Cu (100) Electropolished 5 μm Sphere 3 7.993 516.798 9000000 304001.45   
Cu (100) Electropolished 5 μm Sphere 4 8.331 518.617 9000000 369864.25   
Cu (100) Electropolished 5 μm Sphere 12 6.802 520.22 9000000 371445.95   
Cu (100) Electropolished 5 μm Sphere 10 6.977 520.3 9000000 319821.94   
Cu (100) Electropolished 5 μm Sphere 14 21.305 1026.251 9000000 516191.54   
Cu (100) Electropolished 5 μm Sphere 12 19.023 1026.487 9000000 540065.85   
Cu (100) Electropolished 5 μm Sphere 15 21.870 1027.114 9000000 543998.09   
Cu (100) Electropolished 5 μm Sphere 13 16.591 1029.838 9000000 530913.27   
Cu (100) Electropolished 5 μm Sphere 3 83.361 1477.617 7900000 1418003.24 143.92 
Cu (100) Electropolished 5 μm Sphere 1 82.629 1477.684 7900000 1294517.96 142.48 
Cu (100) Electropolished 5 μm Sphere 5 85.663 1479.484 7900000 1354283.54 146.96 
Cu (100) Electropolished 5 μm Sphere 1 77.055 2549.666 7900000 1236184.36 100.81 
Cu (100) Electropolished 5 μm Sphere 3 78.333 2554.864 7900000 1279357.47 99.84 
Cu (100) Electropolished 5 μm Sphere 3 150.538 2968.552 7900000 1719962.90 234.86 
Cu (100) Electropolished 5 μm Sphere 5 152.102 2968.836 7900000 1692989.61 235.29 
Cu (100) Electropolished 5 μm Sphere 1 154.267 2972.39 7900000 1691955.10 235.88 
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Table 1.1. Continued. 
       Material Surface Tip Test Load Depth Machine S  Corrected S  SEM Area  
    (degrees) # (mN) (nm) (N/m) (N/m) (μm²) 
Cu (100) Electropolished 5 μm Sphere 1 212.597 4477.138 7900000 2036358.38 316.54 
Cu (100) Electropolished 5 μm Sphere 3 213.318 4478.359 7900000 2050846.78 316.34 
Cu (100) Electropolished 5 μm Sphere 5 212.358 4479.856 7900000 2024661.99 316.27 
Cu (100) Electropolished 5 μm Sphere 3 265.881 5973.638 7900000 2291719.62 384.62 
Cu (100) Electropolished 5 μm Sphere 5 263.539 5989.076 7900000 2290526.66   
Cu (100) Electropolished 5 μm Sphere 3 314.542 7479.344 7900000 2546218.86 459.35 
Cu (100) Electropolished 5 μm Sphere 5 320.424 7482.284 7900000 2576695.35 473.78 
Ir Syton 35 2 2.834 303.379 4500000 207552.99   
Ir Syton 35 1 2.971 307.529 4500000 249507.48   
Ir Syton 35 3 2.984 313.73 4500000 270527.33   
Ir Syton 35 1 6.230 505.144 4500000 399746.42   
Ir Syton 35 16 6.199 505.749 4500000 418124.57   
Ir Syton 35 17 6.175 506.566 4500000 371841.98   
Ir Syton 35 13 6.206 506.86 4500000 351850.77   
Ir Syton 35 5 6.247 507.323 4500000 385495.84   
Ir Syton 35 4 6.157 507.346 4500000 361167.20   
Ir Syton 35 15 6.256 507.421 4500000 386439.91   
Ir Syton 35 2 6.206 507.457 4500000 405627.84   
Ir Syton 35 10 6.225 507.562 4500000 363691.86   
Ir Syton 35 9 6.124 507.704 4500000 344027.60 0.74 
Ir Syton 35 7 6.180 507.951 4500000 393229.55 0.66 
Ir Syton 35 8 6.216 508.595 4500000 405583.46 0.77 
Ir Syton 35 12 6.282 508.758 4500000 361069.18   
Ir Syton 35 11 6.299 508.816 4500000 345450.10   
Ir Syton 35 14 6.214 508.904 4500000 380816.77   
Ir Syton 35 3 6.221 509.204 4500000 404094.15   
Ir Syton 35 18 6.174 509.567 4500000 385790.84   
Ir Syton 35 6 6.297 510.225 4500000 451135.70   
Ir Syton 35 14 19.109 1014.405 4500000 721846.97   
Ir Syton 35 16 18.825 1014.754 4500000 706815.36   
Ir Syton 35 7 18.794 1015.202 4500000 677091.71 2.45 
Ir Syton 35 15 19.525 1015.43 4500000 650755.99   
Ir Syton 35 3 19.188 1016.144 4500000 682943.05 2.60 
Ir Syton 35 10 19.041 1016.173 4500000 687720.94   
Ir Syton 35 1 19.208 1016.323 4500000 703317.13   
Ir Syton 35 13 19.212 1016.355 4500000 719092.97   
Ir Syton 35 12 19.026 1016.374 4500000 715888.16   
Ir Syton 35 4 18.937 1016.477 4500000 636543.49 2.61 
Ir Syton 35 9 19.179 1016.679 4500000 674583.56   
Ir Syton 35 5 19.216 1016.821 4500000 705437.05 2.56 
Ir Syton 35 8 19.142 1016.825 4500000 722873.48 2.56 
Ir Syton 35 11 19.368 1016.947 4500000 690810.59   
Ir Syton 35 6 19.317 1016.957 4500000 711839.21 2.66 
Ir Syton 35 18 19.108 1017.03 4500000 665890.34   
Ir Syton 35 17 19.180 1017.209 4500000 702547.51   
Ir Syton 35 2 19.149 1019.171 4500000 673944.28 2.57 
Ir Syton 35 18 38.655 1528.384 4500000 1045777.29   
Ir Syton 35 11 38.183 1532.623 4500000 1030371.88   
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       Material Surface Tip Test Load Depth Machine S  Corrected S  SEM Area  
    (degrees) # (mN) (nm) (N/m) (N/m) (μm²) 
Ir Syton 35 1 630.833 2739.402 5300000 3018198.87   
Ir Syton 35 2 742.118 2758.652 5300000 3020684.93 179.26 
Ir Syton 35 3 641.803 2765.881 5300000 3125650.22 147.90 
Ir Syton 35 4 635.378 2766.648 5300000 3061209.31 155.40 
Ir Syton 35 3 123.633 3054.64 4500000 2166425.92   
Ir Syton 35 12 129.219 3054.663 4500000 1975622.10   
Ir Syton 35 13 126.313 3054.891 4500000 2067557.48   
Ir Syton 35 9 125.088 3055.571 4500000 2037205.65   
Ir Syton 35 16 130.765 3056.064 4500000 2171961.86   
Ir Syton 35 14 126.840 3056.373 4500000 1873216.13   
Ir Syton 35 2 133.684 3056.671 4500000 2027535.23   
Ir Syton 35 1 129.013 3056.932 4500000 1941097.52   
Ir Syton 35 10 128.563 3057.168 4500000 1912965.89   
Ir Syton 35 8 127.119 3057.315 4500000 2048059.26   
Ir Syton 35 5 134.522 3057.365 4500000 2015401.46   
Ir Syton 35 17 128.385 3057.493 4500000 2018906.09   
Ir Syton 35 7 126.307 3059.126 4500000 2098033.53   
Ir Syton 35 4 125.036 3059.556 4500000 1995824.39   
Ir Syton 35 3 128.219 3059.623 4500000 2053292.45   
Ir Syton 35 15 128.071 3060.793 4500000 2067227.29   
Ir Syton 35 6 126.123 3064.341 4500000 2016645.67   
Ir Syton 35 2 1380.383 4203.496 5300000 3460540.29 338.59 
Ir Syton 35 1 1392.705 4215.077 5300000 3588403.35 363.85 
Ir Syton 35 3 1387.776 4235.552 5300000 3771580.34 355.29 
Ir Syton 35 14 250.524 4583.589 4500000 3132762.46 53.54 
Ir Syton 35 6 253.159 4583.883 4500000 2914807.45   
Ir Syton 35 1 249.865 4584.662 4500000 3012362.85   
Ir Syton 35 9 261.755 4584.921 4500000 3068605.62   
Ir Syton 35 18 250.568 4586.271 4500000 3214798.46   
Ir Syton 35 13 257.537 4587.791 4500000 2966750.95 51.40 
Ir Syton 35 11 256.372 4588.061 4500000 3094021.58   
Ir Syton 35 3 249.730 4588.693 4500000 2988130.69   
Ir Syton 35 16 265.039 4588.778 4500000 3105987.39   
Ir Syton 35 5 253.783 4589.193 4500000 3017024.58   
Ir Syton 35 2 261.941 4589.474 4500000 2988937.50   
Ir Syton 35 10 257.079 4590.304 4500000 3035674.19   
Ir Syton 35 12 260.654 4590.461 4500000 3045150.94 52.37 
Ir Syton 35 17 262.358 4590.747 4500000 3137657.25   
Ir Syton 35 7 252.043 4591.518 4500000 3031886.12   
Ir Syton 35 8 261.036 4592.706 4500000 3135031.25   
Ir Syton 35 15 256.469 4592.801 4500000 3014036.92   
Ir Syton 35 4 256.722 4595.42 4500000 3124020.07   
Ir Syton 35 5 413.564 6114.28 4500000 4180102.88   
Ir Syton 35 11 437.636 6114.637 4500000 4120348.48   
Ir Syton 35 9 411.743 6115.198 4500000 4005209.64   
Ir Syton 35 18 412.772 6115.234 4500000 3904852.43 88.96 
Ir Syton 35 10 419.271 6115.904 4500000 4048712.76   
Ir Syton 35 12 422.223 6116.018 4500000 3863049.96   
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Table 1.1. Continued. 
       Material Surface Tip Test Load Depth Machine S  Corrected S  SEM Area  
    (degrees) # (mN) (nm) (N/m) (N/m) (μm²) 
Ir Syton 35 2 424.667 6117.456 4500000 3984470.23   
Ir Syton 35 17 413.221 6117.467 4500000 3775645.37 84.39 
Ir Syton 35 8 417.165 6117.633 4500000 3820861.77   
Ir Syton 35 15 421.819 6117.88 4500000 3908353.98   
Ir Syton 35 4 428.837 6119.419 4500000 4251695.53   
Ir Syton 35 14 424.627 6120.256 4500000 4192992.17   
Ir Syton 35 1 439.446 6120.272 4500000 4024050.44   
Ir Syton 35 6 439.586 6121.897 4500000 4108311.64   
Ir Syton 35 16 416.491 6122.478 4500000 4030412.80   
Ir Syton 35 13 421.808 6122.496 4500000 3847681.78   
Ir Syton 35 7 420.945 6123.984 4500000 4052903.81   
Ir Syton 35 4 506.815 6231.448 5300000 2613681.31   
Ir Syton 35 6 505.957 6232.849 5300000 2454288.14   
Ir Syton 35 5 513.554 6233.173 5300000 2505035.48   
Ir Syton 35 2 501.528 6240.923 5300000 2518649.62 107.00 
Ir Syton 35 3 502.668 6278.56 5300000 2530060.18   
Ir Syton 35 2 674.380 7225.248 5300000 2696556.00 165.38 
Ir Syton 35 4 637.523 7477.043 4500000 5025807.72   
Ir Syton 35 12 637.853 7532.105 4500000 4750886.60   
Ir Syton 35 2 636.840 7536.875 4500000 4818645.64 129.92 
Ir Syton 35 3 639.004 7547.743 4500000 4959719.54   
Ir Syton 35 13 640.061 7590.676 4500000 4786932.52   
Ir Syton 35 15 639.049 7628.297 4500000 5092237.86   
Ir Syton 35 8 642.290 7649.845 4500000 4730377.41   
Ir Syton 35 16 640.015 7651.649 4500000 5117498.77   
Ir Syton 35 11 639.432 7661.015 4500000 4982539.55 141.19 
Ir Syton 35 7 639.456 7665.983 4500000 4786755.12   
Ir Syton 35 5 638.273 7675.675 4500000 5030583.20   
Ir Syton 35 10 639.758 7690.698 4500000 4869997.40 137.61 
Ir Syton 35 6 637.722 7695.426 4500000 4910759.40   
Ir Syton 35 9 639.593 7740.56 4500000 4759114.67   
Ir Syton 35 14 638.646 7760.948 4500000 4954437.29   
Ir Syton 35 18 642.864 7803.593 4500000 4777604.78   
Ir Syton 35 17 637.617 7882.136 4500000 5220581.88   
Ir Syton 35 3 1350.649 10435.396 5300000 3473304.72   
Ir Syton 35 4 1373.460 10438.04 5300000 3569454.09   
Ir Syton 35 6 1353.150 10443.615 5300000 3709937.13   
Ir Syton 35 2 1340.786 10445.367 5300000 3533594.21   
Ir Syton 35 2 7712.977 10480.926 5300000 6686545.03 2449.00 
Ir Syton 35 1 1372.750 10486.519 5300000 3606459.54 294.89 
Ir Syton 35 1 7712.041 10645.484 5300000 6686692.01 2118.40 
Ir Syton 35 3 7816.719 10697.875 5300000 6887335.66 2387.00 
Ir Syton 35 2 4774.321 20244.842 5300000 6811613.40 1152.05 
Ir Syton 35 6 5126.789 20866.513 5300000 5850988.15   
Ir Syton 35 4 5056.838 20874.738 5300000 5863513.24   
Ir Syton 35 3 5040.169 20883.2 5300000 5764868.74   
Ir Syton 35 1 5134.092 20910.267 5300000 5627220.15 1178.70 
Ir Syton 35 2 4958.928 20911.522 5300000 5652604.67   
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Table 1.1. Continued. 
       Material Surface Tip Test Load Depth Machine S  Corrected S  SEM Area  
    (degrees) # (mN) (nm) (N/m) (N/m) (μm²) 
Ir Syton 45 14 0.599 100.019 4500000 95338.78   
Ir Syton 45 11 0.608 100.288 4500000 85923.92   
Ir Syton 45 6 0.611 100.754 4500000 98516.01   
Ir Syton 45 16 0.610 100.863 4500000 92010.33   
Ir Syton 45 18 0.620 100.916 4500000 85671.00   
Ir Syton 45 3 0.609 101.228 4500000 83543.72   
Ir Syton 45 15 0.609 101.235 4500000 84189.39   
Ir Syton 45 7 0.585 101.274 4500000 101143.70   
Ir Syton 45 12 0.600 101.279 4500000 117765.06   
Ir Syton 45 1 0.612 101.326 4500000 85770.80   
Ir Syton 45 2 0.590 101.334 4500000 108570.31   
Ir Syton 45 9 0.581 101.338 4500000 100723.75   
Ir Syton 45 10 0.595 101.395 4500000 98475.48   
Ir Syton 45 17 0.617 101.465 4500000 117178.39   
Ir Syton 45 4 0.586 101.542 4500000 68364.70   
Ir Syton 45 8 0.576 101.687 4500000 91538.78   
Ir Syton 45 5 0.618 101.876 4500000 87704.40   
Ir Syton 45 13 0.651 103.034 4500000 90375.56   
Ir Syton 45 17 2.781 304.471 4500000 250272.43   
Ir Syton 45 12 2.813 304.53 4500000 266610.36   
Ir Syton 45 16 2.819 304.615 4500000 233832.49   
Ir Syton 45 7 2.812 304.891 4500000 205036.59   
Ir Syton 45 14 2.801 305.225 4500000 250477.72   
Ir Syton 45 8 2.820 305.578 4500000 202727.67   
Ir Syton 45 10 2.882 305.959 4500000 200123.25   
Ir Syton 45 15 2.881 306.266 4500000 212575.06 0.30 
Ir Syton 45 9 2.824 306.303 4500000 229160.88   
Ir Syton 45 18 2.856 306.522 4500000 223659.35   
Ir Syton 45 11 2.836 306.569 4500000 217375.35   
Ir Syton 45 6 2.830 306.614 4500000 238596.32   
Ir Syton 45 4 2.846 307.146 4500000 231297.89   
Ir Syton 45 5 2.830 307.359 4500000 220853.31   
Ir Syton 45 13 2.831 307.833 4500000 244805.85   
Ir Syton 45 11 33.068 1013.413 4500000 937411.60   
Ir Syton 45 9 33.021 1016.001 4500000 915510.00   
Ir Syton 45 7 32.904 1016.029 4500000 938136.75   
Ir Syton 45 8 33.050 1017.112 4500000 950666.34   
Ir Syton 45 5 32.820 1017.348 4500000 949137.91   
Ir Syton 45 10 33.353 1017.464 4500000 933867.02   
Ir Syton 45 3 33.012 1017.512 4500000 958966.96   
Ir Syton 45 2 33.312 1017.605 4500000 990115.32   
Ir Syton 45 1 33.294 1017.78 4500000 857054.95   
Ir Syton 45 4 34.138 1018.161 4500000 927294.50   
Ir Syton 45 13 32.843 1018.196 4500000 956478.78   
Ir Syton 45 12 33.068 1018.474 4500000 953937.20   
Ir Syton 45 14 33.228 1019.25 4500000 1016261.31   
Ir Syton 45 6 32.874 1020.53 4500000 959104.40   
Ir Syton 45 9 222.701 3048.299 4500000 2814448.69   
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Table 1.1. Continued. 
       Material Surface Tip Test Load Depth Machine S  Corrected S  SEM Area  
    (degrees) # (mN) (nm) (N/m) (N/m) (μm²) 
Ir Syton 45 12 210.954 3048.315 4500000 2663386.17   
Ir Syton 45 5 220.910 3048.574 4500000 2667483.45   
Ir Syton 45 18 221.269 3048.769 4500000 2776246.25   
Ir Syton 45 14 215.486 3049.359 4500000 2707798.49   
Ir Syton 45 2 214.932 3049.983 4500000 2640736.02   
Ir Syton 45 3 219.543 3050.177 4500000 2699720.80   
Ir Syton 45 15 217.944 3051.037 4500000 2737704.62 47.31 
Ir Syton 45 7 232.621 3051.365 4500000 2892145.86   
Ir Syton 45 8 221.948 3052.265 4500000 2711238.24   
Ir Syton 45 10 222.350 3052.276 4500000 2754170.46   
Ir Syton 45 4 228.619 3053.954 4500000 2595660.28   
Ir Syton 45 11 211.051 3054.045 4500000 2414473.60   
Ir Syton 45 13 215.806 3054.92 4500000 2728970.85   
Ir Syton 45 6 228.985 3055.246 4500000 2691125.64   
Ir Syton 45 1 214.106 3055.256 4500000 2633073.48   
Ir Syton 45 17 213.048 3057.651 4500000 2776908.63   
Ir Syton 45 16 214.224 3058.763 4500000 2691563.69 49.03 
Ir Syton 45 10 465.615 4569.818 4500000 4030892.47   
Ir Syton 45 1 470.436 4574.584 4500000 3942868.73   
Ir Syton 45 7 479.433 4574.86 4500000 4205079.51   
Ir Syton 45 8 496.888 4575.097 4500000 4202369.81   
Ir Syton 45 17 468.370 4575.815 4500000 4041344.94 107.18 
Ir Syton 45 11 453.557 4576.014 4500000 4020982.32   
Ir Syton 45 13 449.513 4577.023 4500000 3770622.39   
Ir Syton 45 16 473.473 4577.28 4500000 4110886.25   
Ir Syton 45 5 507.841 4577.399 4500000 4121846.06   
Ir Syton 45 3 469.375 4577.842 4500000 3981501.46   
Ir Syton 45 12 458.027 4580.514 4500000 3870472.47   
Ir Syton 45 9 443.693 4580.866 4500000 3820549.25   
Ir Syton 45 14 435.009 4581.357 4500000 3834765.27   
Ir Syton 45 2 452.011 4581.527 4500000 3825424.51   
Ir Syton 45 6 480.693 4581.799 4500000 3904582.18   
Ir Syton 45 15 457.715 4583.563 4500000 4015274.88   
Ir Syton 45 4 470.152 4585.097 4500000 3957573.96   
Ir Syton 45 18 499.136 4588.184 4500000 3988315.25 114.32 
Ir Syton 45 1 649.332 5227.29 4500000 4398627.91   
Ir Syton 45 17 644.404 5257.358 4500000 4622414.72 148.20 
Ir Syton 45 18 646.643 5320.753 4500000 4852258.84 167.01 
Ir Syton 45 7 650.336 5339.119 4500000 4728131.09   
Ir Syton 45 6 644.145 5342.41 4500000 4516902.71   
Ir Syton 45 5 644.331 5382.703 4500000 4663828.15   
Ir Syton 45 2 647.153 5391.497 4500000 4509641.25   
Ir Syton 45 16 645.417 5414.764 4500000 4442395.37   
Ir Syton 45 3 644.583 5417.181 4500000 4671261.95   
Ir Syton 45 8 650.281 5452.401 4500000 4816704.05   
Ir Syton 45 12 646.096 5477.805 4500000 4397064.45   
Ir Syton 45 15 647.215 5482.049 4500000 4567959.35   
Ir Syton 45 10 645.506 5502.168 4500000 4806926.47   
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Table 1.1. Continued. 
       Material Surface Tip Test Load Depth Machine S  Corrected S  SEM Area  
    (degrees) # (mN) (nm) (N/m) (N/m) (μm²) 
Ir Syton 45 13 646.179 5515.631 4500000 4399741.85   
Ir Syton 45 4 649.769 5522.52 4500000 4531657.50   
Ir Syton 45 9 647.692 5526.82 4500000 4422369.90   
Ir Syton 45 14 644.213 5528.977 4500000 4576656.28   
Ir Syton 45 11 646.717 5547.24 4500000 4676607.53   
Ir Syton 55 8 4.848 302.892 4500000 319757.54 0.63 
Ir Syton 55 11 4.880 303.095 4500000 299344.38   
Ir Syton 55 10 4.796 303.491 4500000 291726.00 0.64 
Ir Syton 55 7 4.858 304.123 4500000 289035.67 0.62 
Ir Syton 55 4 5.560 304.582 4500000 346590.95   
Ir Syton 55 5 4.974 304.757 4500000 312178.29   
Ir Syton 55 6 5.241 304.794 4500000 331100.87 0.60 
Ir Syton 55 2 4.844 305.717 4500000 359707.37   
Ir Syton 55 3 5.095 306.836 4500000 390075.35   
Ir Syton 55 9 4.915 307.012 4500000 286367.55 0.61 
Ir Syton 55 1 14.758 311.528 4500000 679762.97   
Ir Syton 55 9 10.572 504.948 4500000 585080.67   
Ir Syton 55 8 15.301 505.924 4500000 674282.62   
Ir Syton 55 2 15.220 506.156 4500000 711238.16   
Ir Syton 55 4 15.251 506.209 4500000 644994.93   
Ir Syton 55 15 10.535 506.234 4500000 470293.05   
Ir Syton 55 14 10.323 506.364 4500000 487968.81   
Ir Syton 55 11 15.032 506.713 4500000 689330.61 2.34 
Ir Syton 55 1 15.233 507.018 4500000 643493.08   
Ir Syton 55 13 10.499 507.156 4500000 531166.29   
Ir Syton 55 9 15.148 507.292 4500000 652859.74   
Ir Syton 55 18 10.706 507.294 4500000 521613.96   
Ir Syton 55 17 10.526 507.307 4500000 489288.85   
Ir Syton 55 5 15.310 507.339 4500000 682305.89   
Ir Syton 55 6 15.922 507.341 4500000 686546.84   
Ir Syton 55 16 10.662 507.698 4500000 525017.56   
Ir Syton 55 12 15.139 507.736 4500000 749283.78 2.47 
Ir Syton 55 4 10.769 507.742 4500000 508383.10   
Ir Syton 55 10 10.762 507.763 4500000 515648.77   
Ir Syton 55 8 10.761 508.006 4500000 523327.78   
Ir Syton 55 3 15.262 508.262 4500000 637545.88   
Ir Syton 55 2 10.735 508.346 4500000 487409.69   
Ir Syton 55 5 10.696 508.601 4500000 497135.34   
Ir Syton 55 11 10.683 509.253 4500000 489433.13   
Ir Syton 55 6 10.657 509.299 4500000 476311.92   
Ir Syton 55 3 10.789 509.412 4500000 496411.95   
Ir Syton 55 10 15.147 509.486 4500000 643256.36   
Ir Syton 55 7 15.281 509.737 4500000 667748.19   
Ir Syton 55 7 10.628 509.785 4500000 593465.06   
Ir Syton 55 12 10.535 509.811 4500000 518602.72   
Ir Syton 55 1 10.711 509.891 4500000 546578.31   
Ir Syton 55 3 50.342 1014.765 4500000 1317538.19 9.10 
Ir Syton 55 4 52.087 1014.896 4500000 1335373.10 9.08 
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Table 1.1. Continued. 
       Material Surface Tip Test Load Depth Machine S  Corrected S  SEM Area  
    (degrees) # (mN) (nm) (N/m) (N/m) (μm²) 
Ir Syton 55 10 49.419 1015.352 4500000 1314103.23 8.87 
Ir Syton 55 9 50.755 1015.677 4500000 1351372.86 9.20 
Ir Syton 55 5 52.566 1016.611 4500000 1181426.47 9.27 
Ir Syton 55 8 50.970 1016.919 4500000 1314675.54 9.20 
Ir Syton 55 6 53.099 1017.209 4500000 1356045.39 9.14 
Ir Syton 55 14 52.458 1017.251 4500000 1345020.91   
Ir Syton 55 11 50.795 1017.347 4500000 1266635.82 9.06 
Ir Syton 55 2 50.088 1017.358 4500000 1244648.05 9.32 
Ir Syton 55 7 52.894 1017.378 4500000 1330352.18 9.00 
Ir Syton 55 13 50.007 1017.389 4500000 1459130.30   
Ir Syton 55 18 33.636 1017.812 4500000 1016941.12   
Ir Syton 55 1 50.812 1017.845 4500000 1378839.01 9.53 
Ir Syton 55 16 32.826 1017.846 4500000 952867.95   
Ir Syton 55 12 51.362 1018.018 4500000 1301499.50   
Ir Syton 55 17 32.827 1018.984 4500000 977097.91   
Ir Syton 55 15 33.244 1019.838 4500000 950828.34   
Ir Syton 55 15 49.341 1020.324 4500000 1306520.03   
Ir Syton 55 5 367.138 3045.819 4500000 4063242.07   
Ir Syton 55 13 345.211 3046.611 4500000 3853987.19   
Ir Syton 55 4 364.672 3047.169 4500000 3949798.47   
Ir Syton 55 14 349.302 3048.071 4500000 3872410.97 89.97 
Ir Syton 55 2 348.379 3048.431 4500000 3775419.50   
Ir Syton 55 6 354.866 3049.351 4500000 4048255.84   
Ir Syton 55 1 344.247 3049.368 4500000 3823564.27   
Ir Syton 55 12 349.617 3049.369 4500000 3622819.57   
Ir Syton 55 15 359.683 3049.395 4500000 3917014.11 88.88 
Ir Syton 55 7 341.232 3049.841 4500000 4188368.42   
Ir Syton 55 11 344.981 3050.689 4500000 3905040.89   
Ir Syton 55 10 348.761 3051.947 4500000 3639052.18   
Ir Syton 55 3 342.960 3054.343 4500000 3915309.57   
Ir Syton 55 9 359.831 3054.609 4500000 3830710.47   
Ir Syton 55 8 353.839 3056.522 4500000 4116622.56   
Ir Syton 55 5 644.894 4083.257 4500000 5428094.06   
Ir Syton 55 15 642.156 4096.314 4500000 4902107.43 156.58 
Ir Syton 55 2 639.863 4099.418 4500000 5096758.22   
Ir Syton 55 7 640.307 4147.472 4500000 5261163.02   
Ir Syton 55 8 640.384 4160.329 4500000 5166728.67   
Ir Syton 55 12 642.155 4179.431 4500000 5527963.56   
Ir Syton 55 1 644.728 4184.078 4500000 4947461.64   
Ir Syton 55 6 642.433 4192.322 4500000 5542981.35   
Ir Syton 55 10 641.378 4195.536 4500000 4984466.13   
Ir Syton 55 4 641.274 4200.132 4500000 4866053.01   
Ir Syton 55 11 643.730 4204.555 4500000 5149607.32   
Ir Syton 55 13 640.930 4232.376 4500000 5288854.26   
Ir Syton 55 14 639.014 4236.428 4500000 5987344.55 166.47 
Ir Syton 55 3 644.936 4263.2 4500000 5186922.47   
Ir Syton 55 9 639.176 4288.157 4500000 5237188.20   
Ir Syton 65 (B1338) 14 1.190 100.259 4500000 161386.80   
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Table 1.1. Continued. 
       Material Surface Tip Test Load Depth Machine S  Corrected S  SEM Area  
    (degrees) # (mN) (nm) (N/m) (N/m) (μm²) 
Ir Syton 65 (B1338) 9 1.285 100.347 4500000 172389.93   
Ir Syton 65 (B1338) 2 4.121 100.805 4500000 407577.64   
Ir Syton 65 (B1338) 12 1.237 100.881 4500000 151209.14   
Ir Syton 65 (B1338) 3 0.199 100.897 4500000 14095.64   
Ir Syton 65 (B1338) 15 1.216 101.522 4500000 155231.12   
Ir Syton 65 (B1338) 6 1.223 101.639 4500000 144681.59   
Ir Syton 65 (B1338) 7 1.427 101.914 4500000 144772.67   
Ir Syton 65 (B1338) 1 1.978 101.956 4500000 181356.87   
Ir Syton 65 (B1338) 8 1.232 102.105 4500000 153489.99   
Ir Syton 65 (B1338) 10 1.239 102.412 4500000 142795.62   
Ir Syton 65 (B1338) 13 1.227 102.851 4500000 135613.08   
Ir Syton 65 (B1338) 11 1.246 105.074 4500000 146189.90   
Ir Syton 65 (B1338) 4 7.697 105.904 4500000 430259.31   
Ir Syton 65 (B1338) 5 7.837 106.451 4500000 448520.08   
Ir Syton 65 (B1338) 7 6.638 302.073 4500000 362692.52 0.86 
Ir Syton 65 (B1338) 1 12.184 303.715 4500000 682504.62   
Ir Syton 65 (B1338) 6 6.539 303.785 4500000 438610.11 0.84 
Ir Syton 65 (B1338) 2 6.563 304.124 4500000 408274.87 0.80 
Ir Syton 65 (B1338) 11 6.552 304.215 4500000 451799.96   
Ir Syton 65 (B1338) 9 6.869 304.233 4500000 406723.26   
Ir Syton 65 (B1338) 2 12.564 304.341 4500000 653961.16   
Ir Syton 65 (B1338) 12 6.602 304.533 4500000 440888.26   
Ir Syton 65 (B1338) 3 6.618 304.54 4500000 403747.96 0.87 
Ir Syton 65 (B1338) 1 6.458 304.585 4500000 485165.41   
Ir Syton 65 (B1338) 13 6.774 304.684 4500000 402184.76   
Ir Syton 65 (B1338) 10 6.596 305.059 4500000 355663.86   
Ir Syton 65 (B1338) 4 6.678 305.072 4500000 412328.98 0.87 
Ir Syton 65 (B1338) 15 6.842 305.393 4500000 382369.92   
Ir Syton 65 (B1338) 5 6.666 305.497 4500000 463754.37 0.88 
Ir Syton 65 (B1338) 14 6.678 306.256 4500000 408827.63   
Ir Syton 65 (B1338) 8 6.982 306.342 4500000 359187.91   
Ir Syton 65 (B1338) 14 28.766 506.612 4500000 1068202.75 5.96 
Ir Syton 65 (B1338) 15 15.599 507.154 4500000 687145.04   
Ir Syton 65 (B1338) 13 15.270 507.187 4500000 662221.38 2.37 
Ir Syton 65 (B1338) 3 28.300 507.48 4500000 1013339.67   
Ir Syton 65 (B1338) 13 28.815 508.036 4500000 1040487.42 5.69 
Ir Syton 65 (B1338) 14 15.261 508.222 4500000 688100.75   
Ir Syton 65 (B1338) 6 27.609 508.44 4500000 1056580.74   
Ir Syton 65 (B1338) 9 29.036 508.725 4500000 982425.98   
Ir Syton 65 (B1338) 15 27.909 508.879 4500000 1053366.99 5.35 
Ir Syton 65 (B1338) 2 28.828 509.287 4500000 1016091.68   
Ir Syton 65 (B1338) 11 29.139 509.459 4500000 1007792.20   
Ir Syton 65 (B1338) 5 28.589 509.612 4500000 1025620.90   
Ir Syton 65 (B1338) 10 29.061 509.672 4500000 1006644.72   
Ir Syton 65 (B1338) 7 27.810 510.247 4500000 997518.36   
Ir Syton 65 (B1338) 1 28.876 510.579 4500000 997284.48   
Ir Syton 65 (B1338) 5 95.115 1013.906 4500000 2043334.07   
Ir Syton 65 (B1338) 3 94.156 1013.986 4500000 2022339.82   
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Table 1.1. Continued. 
       Material Surface Tip Test Load Depth Machine S  Corrected S  SEM Area  
    (degrees) # (mN) (nm) (N/m) (N/m) (μm²) 
Ir Syton 65 (B1338) 11 94.446 1014.628 4500000 1996687.19 20.91 
Ir Syton 65 (B1338) 10 93.187 1014.708 4500000 1778862.28   
Ir Syton 65 (B1338) 7 92.453 1014.726 4500000 1844469.05   
Ir Syton 65 (B1338) 9 94.930 1014.927 4500000 2022876.41   
Ir Syton 65 (B1338) 15 96.358 1015.652 4500000 2039791.49   
Ir Syton 65 (B1338) 2 93.123 1016.276 4500000 1938886.91   
Ir Syton 65 (B1338) 8 93.063 1016.302 4500000 1929607.22   
Ir Syton 65 (B1338) 1 90.860 1016.34 4500000 1909986.18   
Ir Syton 65 (B1338) 4 91.507 1017.532 4500000 1960614.35   
Ir Syton 65 (B1338) 13 93.007 1018.308 4500000 1882279.05 21.70 
Ir Syton 65 (B1338) 14 92.907 1019.195 4500000 1956484.69   
Ir Syton 65 (B1338) 12 95.810 1019.244 4500000 2013964.64 21.80 
Ir Syton 65 (B1338) 6 92.186 1019.913 4500000 1940898.70   
Ir Syton 65 (B1338) 6 309.402 2031.522 4500000 4055584.01   
Ir Syton 65 (B1338) 1 308.043 2031.844 4500000 3767963.04   
Ir Syton 65 (B1338) 2 312.854 2032.115 4500000 3776330.82   
Ir Syton 65 (B1338) 12 310.932 2032.223 4500000 3757160.65 89.93 
Ir Syton 65 (B1338) 5 309.387 2032.481 4500000 4042086.37   
Ir Syton 65 (B1338) 4 305.554 2033.502 4500000 3921715.37   
Ir Syton 65 (B1338) 7 300.252 2034.411 4500000 3952887.31   
Ir Syton 65 (B1338) 13 322.911 2035.423 4500000 3924212.17 80.75 
Ir Syton 65 (B1338) 8 315.053 2035.701 4500000 3791622.41   
Ir Syton 65 (B1338) 15 321.261 2035.802 4500000 4017790.32   
Ir Syton 65 (B1338) 9 310.554 2036.229 4500000 3534528.29   
Ir Syton 65 (B1338) 11 320.101 2037.138 4500000 3950396.50 87.42 
Ir Syton 65 (B1338) 10 308.052 2037.338 4500000 3748738.86   
Ir Syton 65 (B1338) 14 298.993 2037.748 4500000 4055067.91   
Ir Syton 65 (B1338) 3 315.094 2040.027 4500000 3862367.01   
Ir Syton 65 (B1338) 7 657.568 3025.191 4500000 5669674.43   
Ir Syton 65 (B1338) 15 652.935 3031.911 4500000 5842650.93   
Ir Syton 65 (B1338) 1 610.147 3044.465 4500000 5264651.61   
Ir Syton 65 (B1338) 2 641.017 3047.579 4500000 5430329.56   
Ir Syton 65 (B1338) 9 617.152 3048.495 4500000 5808935.67   
Ir Syton 65 (B1338) 4 621.226 3049.126 4500000 5542071.15   
Ir Syton 65 (B1338) 10 589.829 3049.376 4500000 5287738.80   
Ir Syton 65 (B1338) 5 641.005 3051.843 4500000 5725006.93   
Ir Syton 65 (B1338) 14 651.408 3051.891 4500000 5772321.20 272.66 
Ir Syton 65 (B1338) 11 647.787 3053.381 4500000 5334493.23   
Ir Syton 65 (B1338) 12 648.048 3053.659 4500000 5276074.73   
Ir Syton 65 (B1338) 8 645.348 3054.496 4500000 5631907.29   
Ir Syton 65 (B1338) 13 643.236 3056.068 4500000 5686990.48 265.17 
Ir Syton 65 (B1338) 3 632.651 3059.627 4500000 5803352.93   
Ir Syton 65 (B1338) 6 634.418 3069.12 4500000 5767248.94   
W (100) Electropolished 35 5 2.295 311.195 5300000 189104.72   
W (100) Electropolished 35 4 2.949 312.2 5300000 272810.72 0.51 
W (100) Electropolished 35 3 2.275 312.811 5300000 233622.44 0.37 
W (100) Electropolished 35 2 2.302 313.287 5300000 274735.43   
W (100) Electropolished 35 4 18.676 1035.501 5300000 644881.67 4.06 
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Table 1.1. Continued. 
       Material Surface Tip Test Load Depth Machine S  Corrected S  SEM Area  
    (degrees) # (mN) (nm) (N/m) (N/m) (μm²) 
W (100) Electropolished 35 8 18.557 1035.935 5300000 735749.95   
W (100) Electropolished 35 2 18.701 1038.014 5300000 672665.06   
W (100) Electropolished 35 3 18.403 1039.178 5300000 725256.86 3.92 
W (100) Electropolished 35 10 18.728 1039.86 5300000 697502.13   
W (100) Electropolished 35 6 139.348 3119.919 5300000 2043055.11   
W (100) Electropolished 35 7 140.953 3120.61 5300000 2020633.85   
W (100) Electropolished 35 3 137.921 3122.977 5300000 2015548.75 32.38 
W (100) Electropolished 35 4 139.065 3123.516 5300000 2010737.26 32.68 
W (100) Electropolished 35 5 137.339 3123.942 5300000 2011465.70   
W (100) Electropolished 35 2 139.488 3124.108 5300000 2030404.71   
W (100) Electropolished 35 3 677.616 7230.01 5300000 2654750.00 171.82 
W (100) Electropolished 35 10 721.302 7375.992 5300000 4523183.00   
W (100) Electropolished 35 1 723.207 7386.752 5300000 4401711.44   
W (100) Electropolished 35 8 721.671 7405.963 5300000 4567565.00   
W (100) Electropolished 35 5 722.442 7415.279 5300000 4580758.27   
W (100) Electropolished 35 3 725.884 7425.931 5300000 4575638.27 186.18 
W (100) Electropolished 35 4 723.897 7436.169 5300000 4564380.48 187.16 
W (100) Electropolished 35 2 720.515 7477.012 5300000 4465568.87   
W (100) Electropolished 35 4 2227.167 10151.864 5300000 5258518.00 543.01 
W (100) Electropolished 35 3 2240.076 10161.446 5300000 5265278.19 546.99 
W (100) Electropolished 35 2 1293.519 10250.77 5300000 3900315.00 300.51 
W (100) Electropolished 35 1 1332.732 10278.649 5300000 3858833.00 288.28 
W (100) Electropolished 35 1 4861.915 20263.75 5300000 6859665.00 1117.66 
W (100) Electropolished 45 2 4.721 314.335 5300000 324737.95   
W (100) Electropolished 45 1 4.780 317.022 5300000 333986.74   
W (100) Electropolished 45 3 4.793 317.023 5300000 304930.25 0.88 
W (100) Electropolished 45 6 4.749 318.208 5300000 334836.65   
W (100) Electropolished 45 5 4.753 319.144 5300000 329084.89   
W (100) Electropolished 45 4 4.720 321.833 5300000 326944.20 0.85 
W (100) Electropolished 45 2 34.195 1045.086 5300000 1025737.10   
W (100) Electropolished 45 1 34.151 1051.133 5300000 1096960.30   
W (100) Electropolished 45 6 34.203 1051.627 5300000 998544.77   
W (100) Electropolished 45 4 34.100 1052.589 5300000 1101971.65 7.74 
W (100) Electropolished 45 5 34.401 1052.763 5300000 1039212.59   
W (100) Electropolished 45 3 34.221 1057.855 5300000 1059345.90 7.79 
W (100) Electropolished 45 5 422.281 3084.58 5300000 2725711.11 114.53 
W (100) Electropolished 45 5 253.106 3122.063 5300000 3022541.99   
W (100) Electropolished 45 3 252.380 3127.849 5300000 3039186.37 65.16 
W (100) Electropolished 45 1 250.584 3128.858 5300000 3030500.44   
W (100) Electropolished 45 2 254.245 3136.642 5300000 3092135.05   
W (100) Electropolished 45 4 252.362 3138.003 5300000 3049175.08 64.35 
W (100) Electropolished 45 3 638.104 5248.601 5300000 3082627.00 169.63 
W (100) Electropolished 45 4 647.292 5249.851 5300000 3085291.00 170.00 
W (100) Electropolished 45 5 686.985 5276.986 5300000 5142215.80   
W (100) Electropolished 45 7 691.555 5285.182 5300000 5141986.41   
W (100) Electropolished 45 1 689.350 5299.038 5300000 5128492.49   
W (100) Electropolished 45 3 686.884 5321.386 5300000 5118656.22 183.33 
W (100) Electropolished 45 4 685.585 5324.027 5300000 5011972.15 186.19 
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Table 1.1. Continued. 
       Material Surface Tip Test Load Depth Machine S  Corrected S  SEM Area  
    (degrees) # (mN) (nm) (N/m) (N/m) (μm²) 
W (100) Electropolished 45 2 3898.631 9962.557 5300000 6651092.55 1003.15 
W (100) Electropolished 45 3 8095.320 19866.069 5300000 9360775.00 2021.75 
W (100) Electropolished 45 1 8143.614 19867.286 5300000 9290369.00 2024.55 
W (100) Electropolished 55 7 1.036 103.517 5300000 119878.58   
W (100) Electropolished 55 6 1.064 104.901 5300000 170903.59   
W (100) Electropolished 55 5 1.036 104.941 5300000 118815.79   
W (100) Electropolished 55 2 1.025 105.607 5300000 131614.53   
W (100) Electropolished 55 4 1.037 106.394 5300000 182379.07   
W (100) Electropolished 55 3 1.010 107.348 5300000 187063.49   
W (100) Electropolished 55 2 6.860 311.052 5300000 454887.35   
W (100) Electropolished 55 10 6.834 311.893 5300000 412930.18   
W (100) Electropolished 55 3 6.870 312.631 5300000 389818.65 1.58 
W (100) Electropolished 55 1 6.920 314.844 5300000 400023.79   
W (100) Electropolished 55 8 6.861 315.681 5300000 401468.03 1.48 
W (100) Electropolished 55 9 6.885 317.918 5300000 400040.13   
W (100) Electropolished 55 8 55.904 1035.633 5300000 1277373.77   
W (100) Electropolished 55 6 56.187 1038.428 5300000 1329808.84 14.85 
W (100) Electropolished 55 3 54.959 1039.578 5300000 1302600.69 14.48 
W (100) Electropolished 55 9 56.822 1040.757 5300000 1212530.84   
W (100) Electropolished 55 7 55.983 1043.316 5300000 1344775.87   
W (100) Electropolished 55 2 55.438 1044.203 5300000 1147225.56   
W (100) Electropolished 55 10 57.292 1055.559 5300000 1274528.03   
W (100) Electropolished 55 6 421.626 3085.179 5300000 2725711.11 113.48 
W (100) Electropolished 55 8 447.906 3120.949 5300000 3879763.26   
W (100) Electropolished 55 4 443.309 3129.439 5300000 3795595.21 126.16 
W (100) Electropolished 55 3 444.833 3130.952 5300000 3863295.79 126.73 
W (100) Electropolished 55 5 448.139 3131.764 5300000 3841749.56   
W (100) Electropolished 55 6 447.876 3132.711 5300000 3741191.41   
W (100) Electropolished 55 2 444.352 3141.01 5300000 3725419.63   
W (100) Electropolished 55 3 1494.430 6083.893 5300000 4292077.75 372.60 
W (100) Electropolished 55 4 1503.988 6086.396 5300000 4374220.53 377.43 
W (100) Electropolished 55 3 6961.996 9608.49 3500000 9080157.00 1971.77 
W (100) Electropolished 55 1 3898.631 9962.557 5300000 6567365.21 1007.82 
W (100) Electropolished 65 2 13.294 310.408 5300000 613127.15   
W (100) Electropolished 65 4 13.437 312.093 5300000 562178.74 3.36 
W (100) Electropolished 65 7 13.157 316.817 5300000 591114.51   
W (100) Electropolished 65 5 13.211 316.859 5300000 634042.93   
W (100) Electropolished 65 6 13.184 317.408 5300000 603841.59   
W (100) Electropolished 65 3 13.472 321.685 5300000 597791.73 3.38 
W (100) Electropolished 65 5 111.486 1040.062 5300000 1956489.25   
W (100) Electropolished 65 1 114.871 1043.637 5300000 2005785.25   
W (100) Electropolished 65 4 111.624 1043.693 5300000 1914611.16 31.51 
W (100) Electropolished 65 3 112.788 1050.216 5300000 2022279.86 31.47 
W (100) Electropolished 65 7 113.834 1054.162 5300000 2082061.15   
W (100) Electropolished 65 6 113.668 1058.819 5300000 1930144.93   
W (100) Electropolished 65 3 586.284 1652.299 3500000 3549056.00 189.43 
W (100) Electropolished 65 5 700.550 2707.053 5300000 5714134.47   
W (100) Electropolished 65 6 703.048 2728.221 5300000 5785914.89   
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Table 1.1. Continued. 
       Material Surface Tip Test Load Depth Machine S  Corrected S  SEM Area  
    (degrees) # (mN) (nm) (N/m) (N/m) (μm²) 
W (100) Electropolished 65 4 703.927 2728.575 5300000 5645787.99 228.63 
W (100) Electropolished 65 2 703.607 2746.282 5300000 5720360.90   
W (100) Electropolished 65 3 700.013 2751.057 5300000 5342747.14 223.81 
W (100) Electropolished 65 1 704.351 2769.264 5300000 5554704.11   
W (100) Electropolished 65 1 5904.838 5551.055 3500000 9462352.00 1777.03 
W (100) Electropolished 65 1 2769.779 5926.914 3500000 5812616.89 772.34 
W (100) Electropolished 65 2 2769.155 5934.084 3500000 5779440.60 755.71 
W (100) Electropolished 65 1 7037.981 9601.855 3500000 8647157.00 1976.20 
W (100) Electropolished 75 10 28.595 309.168 5300000 1041927.35 7.60 
W (100) Electropolished 75 4 29.336 309.704 5300000 1041999.33 7.43 
W (100) Electropolished 75 6 28.722 310.032 5300000 984899.35 7.31 
W (100) Electropolished 75 5 28.746 311.746 5300000 1015618.99   
W (100) Electropolished 75 2 28.757 313.04 5300000 938019.68   
W (100) Electropolished 75 3 29.450 315.992 5300000 969687.02   
W (100) Electropolished 75 4 270.061 1044.454 5300000 3502566.11   
W (100) Electropolished 75 3 264.390 1047.46 5300000 3501618.07   
W (100) Electropolished 75 2 269.517 1047.542 5300000 3660799.61   
W (100) Electropolished 75 6 266.302 1048.721 5300000 3405205.27 80.47 
W (100) Electropolished 75 7 268.179 1048.806 5300000 3626283.81 79.95 
W (100) Electropolished 75 5 260.210 1053.503 5300000 3363814.89   
W (100) Electropolished 75 4 575.836 1653.475 3500000 3602789.00 182.63 
W (100) Electropolished 75 7 697.598 1699.947 5300000 5886238.73   
W (100) Electropolished 75 6 694.835 1704.69 5300000 6114754.03   
W (100) Electropolished 75 4 697.212 1717.467 5300000 6117728.31 201.91 
W (100) Electropolished 75 5 693.562 1736.946 5300000 6400389.10   
W (100) Electropolished 75 3 695.127 1740.851 5300000 6292563.36 198.51 
W (100) Electropolished 75 2 699.389 1750.669 5300000 6074118.86   
W (100) Electropolished 75 4 1806.116 2914.507 3500000 5139892.00 531.04 
W (100) Electropolished 75 3 1730.370 2919.144 3500000 5248431.00 506.33 









The origin of the indentation size effect, in which the hardness measured by geometrically self-
similar indenters such as pyramids and cones increases with decreasing depth of penetration, has been 
a subject of considerable experimental and theoretical interest over the last decade [2.1-2.13]. Of the 
models that have been developed to mechanistically describe the effect, that proposed by Nix and Gao 
based on the extra hardening produced by geometrically necessary dislocations (GND’s) has received 
the greatest attention [2.1]. The model, shown schematically in Fig. 2.1 for a conical indenter, assumes 
that the GND’s needed to accommodate the volume displaced by the indenter as the permanent 
hardness impression is formed are constrained to reside in a hemispherical volume whose radius, R, is 
equal to the contact radius of the hardness impression, a. Assuming this geometry, the density of GND’s 






where the indenter angle, θ, and the plastic depth, h, are as shown in Fig. 2.1, and b is the Burgers 
vector. The total dislocation density ρt is 
 t = g s  , (2.2) 
where ρs is the statistically stored dislocation density. Using these equations in conjunction with the 
Taylor relation for the flow stress ( Gb s ) gives 
 f = 3 Gb g s . (2.3) 
Combining this with the Tabor relation for the hardness with a constraint factor of 3 yields 
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 H = 3 3 Gb s g   . (2.4) 
Noting that the macroscopic hardness Ho is given by 
 H0 = 3 3 Gb s , (2.5) 











  , (2.6) 
these relations reduce to the simple form  
 H =H0 1
h*
h
  . (2.7) 
An important prediction of the model is that a plot of H² vs. 1/h will be linear. Numerous 
experimental data sets have been presented that confirm this [2.1-2.3]. However, in several recent 
studies, a deviation from this linearity has been reported at small indentation depths, with the observed 
hardness not increasing at a rate as high as that predicted by the Nix-Gao model [2.4-2.6]. As noted by 
Swadener et al. [2.4] and Feng and Nix [2.5], this may be related to the fact that the assumption that the 
volume in which the GND’s are constrained is equal to the contact radius of the hardness impression is 
flawed, since it may overlook an important part of the physics of the problem, namely, that the mutual 
repulsive interactions of the GND’s may cause them to expand to a larger volume that no longer scales 
with the contact radius. This would be particularly important at small depths where the GND density 
becomes very high. These ideas have recently been used by Huang et al to model the deviation in 
linearity by imposing an upper limit on the GND density in finite element simulations of conical 
indentation based on a theory of strain gradient plasticity that follows from the Nix-Gao mechanism 
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[2.9]. Although this approach can be used to approximate the observed breakdown in linearity, it is also 
based on a somewhat arbitrary assumption of an upper limit to the GND density that is implemented in 
the modeling as a fitting parameter rather than a physically reconcilable value. 
In this study, we explore the issue of how large the volume occupied by the GND’s is by 
developing a simple model that considers the physics of the expansion of the GND’s. To make the 
problem tractable, we consider the two dimensional equivalent of the Nix-Gao mechanism based on the 
expansion of an array of tightly-grouped, like-signed screw dislocations that expand into the surrounding 
material due to their mutually repulsive interactions (see Fig. 2.2). Screw dislocations are used in 
preference to edge dislocations to take advantage of the simplicity of their repulsive force laws (central 
forces), and their ability to slip in numerous directions (assumed here to be any direction). The motion 
of the dislocations is opposed by drag forces exerted by the pre-existing statistically-stored dislocations, 
as modeled by Taylor hardening. Using this approach, the volume within which the GND’s are 
constrained at equilibrium is a natural output of the problem that can be computed and used to explore 
the consequences on the Nix-Gao mechanism. 
Since the model is a two dimensional one, it is useful for purposes of comparison to recast the 
Nix-Gao relations in a 2D formulation. The geometry required is the same as in Fig. 2.1 provided one 
thinks of the indenter as a long wedge rather than a cone and lets the hemispherical zone be replaced 
by a half cylinder. The number of dislocations, N, needed to accommodate the hardness impression 




N 2=   . (2.8) 






  . (2.9) 










  . (2.10) 
Comparing Eq. (2.10) to Eq. (2.1) for the 3D case reveals that the only difference is the constant 4/π 
versus 3/2. The 2D equivalent for h* may be calculated by rewriting Eq. (2.4) to include the value for g 







tanbh   , (2.11) 
which differs once again merely by the constant 108/π instead of 81/2 from Eq. (2.6). Ho remains the 
same as in Eq. (2.5).  
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2.2 The Model 
The model is shown schematically in Fig. 2.2, which shows a small, tightly constrained group of 
straight, parallel screw dislocations of like sign that expand outward under the action of their mutual 
repulsions. For a pair of screw dislocations with Burgers vectors, b, separated by a distance, r, the 




  . (2.12) 
The net force on a given dislocation can then be computed as the sum of its interactions with all the 
other dislocations in the array. A given dislocation will move until the net force acting on it from its 
neighbors falls below the force resisting its motion, assumed here to result from interaction of the 
GND’s with the statistically stored dislocations according to a Taylor hardening mechanism. The 
resistance force, Fr, can then be related to the density of statistically stored dislocations, s, through 
 Fr rb = Gb
2
s   , (2.13) 
where r can be thought of as the shear stress resisting dislocation motion. Since Fr and r are simply 
related through the Burgers vector b, they will be used interchangeably throughout the rest of this 
development to describe the resistance. Solution to the problem requires establishing the spatial 
distribution of dislocations when mechanical equilibrium is first achieved, from which the volume of the 
GND distribution can be deduced. The problem is essentially the 2D analogue of the pile-up at a rigid 
obstacle of a group of like-signed screw dislocations gliding on a slip plane, a 1D problem (see Fig. 2.3). 
The primary differences are that the array expands in two dimensions rather than one and the force 
driving the dislocations against the obstacle in the pile-up problem is replaced by the resistance force for 
the expanding array. 
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2.3 Numerical Simulation 
A numerical scheme to simulate the problem was developed using MATLAB . To start, a fixed 
number of dislocations, N, were randomly distributed in a small circular region about the origin (see Fig. 
2.2). The initial radius was chosen to be less than 3% of the final radius after expansion. The simulation 
calculated the net force on every dislocation (the sum of all the repulsive forces minus the resistance 
force) and after each iteration moved the dislocations a small distance in the direction of the net force 
by an amount proportional to it. The iteration step size was reduced until adequate convergence was 
achieved. The dislocations were allowed to move until the repulsive force on each dislocation was less 
than the resistance force, at which point the final equilibrium distribution was recorded. The final radius 
of the array, R, was characterized by the distance of the dislocation farthest from the origin. For large 
numbers of dislocations (N>100), the final distribution was very circular in appearance. Slight variations 
(±4%) in the final radius of were observed using different starting arrangements.  
Typical results for N=100 and N=1000 are shown in Fig. 2.4a and b, where all distances are 
normalized by b, forces (per unit length) by Gb/2π, and shear stresses by G/2π. This normalization will 
be used throughout this development. In both cases, the normalized resistance stress r is unity. 
Comparing the two figures, it is curiously evident that the normalized radius of the final expanded 
configuration is approximately equal to the number of dislocations. Calculations for other numbers of 
dislocations ranging from 10 to 1000 and normalized resistance stresses of 0.1 and 1 are summarized in 
Fig. 2.5, where it is apparent that not only is R proportional to N, but it is also inversely proportional to 
r. This is further illustrated in Fig. 2.6, where all the data have been replotted as the product of the 
normalized radius and resistance stress vs. N, along with an additional data set obtained for a very low 
normalized resistance stress, 2π r/G = 1x10
-10. The fact that the data converge to a single straight line 







When the number of dislocations is greater than 100, the constant C is in the range 0.93-0.98, varying 
slightly depending on the initial dislocation configuration, but generally very close to one. For smaller N, 
the value of C is smaller, about 0.70 on average when N is 10 and 0.90 when N is 50.   
In addition to solving for the radius of the pileup, the radial distribution of dislocations within 
the pileup was determined from a simulation with a large number of dislocations, N = 1000, and a 
normalized resistance stress of 2πτr/G=0.1. The distribution function D(r), defined as is the total Burgers 
vector length per unit area, is shown in Fig. 2.7. 
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2.4 Analytical Solution for N=  
 The fact that the numerical solution for the radius of the expanded array, R, approaches such a 
simple result for a large number of dislocations, i.e., Eq. (2.14) with C close to 1, suggests that there may 
be a closed form analytical solution to the problem in the limit that n . To pursue this, it is useful to 
refer to the 1D analogue of a pile-up of N screw dislocations of length, L, pinned against a rigid obstacle 
at the origin by a shear stress, , as shown in Fig. 2.3, for which an analytical solution has been derived 
[2.14]. The solution is based an infinite number of dislocations N* with infinitesimal Burgers vector b*, 
such that 
 Nb = N
*b*. (2.15) 
Instead of discrete dislocation positions (Fig. 2.3), a distribution of dislocations is described by a 
continuous distribution function D(x) defined such that D(x)dx is the total Burgers vector length in a 
small interval dx. The objective of the solution exercise is to find the distribution function that satisfies 






dx = 0 . (2.16) 
To assure that the total number of Burgers vectors is correct, the distribution function must also satisfy  
 D x dx = Nb
.
 (2.17) 
Solving the problem requires intelligent guesswork for D(x) that simultaneously satisfies Eqs. 16 and 17. 
For the 1D pile-up problem, the distribution function is given by  






0, x > L
, x L , (2.18) 
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The expansion of a circular array of screw dislocations can be solved in a similar fashion 
provided one realizes that the stress driving the dislocations against the obstacle in the 1-D problem is 
replaced by the resistance stress due to the Taylor hardening, r Gb s . Noting that by symmetry 
the net force acting on any dislocation must be directed radially, and referring to the geometry shown in 








r   , (2.20) 




  , (2.21) 




  . (2.22) 
As in the case of the 1D continuous pileup problem, the key to solving the 2D problem lies in 




= rddrrDNb . (2.23) 
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A clue to guessing to D(r) is provided by the numerical solution in Fig. 2.7, from which it appears as if 
D(r) may be inversely proportional to r. This led to a guess of the simple form: 
 D r =
r
Gr
, 0 r R
0, r > R
, (2.24) 




  . (2.25) 
Note that this is equivalent to Eq. (2.14) with C=1. The prediction of Eq. (2.24) is shown for comparison 
to the simulation data in Fig. 2.7, where the close agreement is apparent.  
Using integrations like that in Eq. (2.20), one can also compute the shear stress that would drive 
radial outward motion of the screw dislocations. These are given by: 
 =





, r > R
 (2.26) 
Thus, inside the array, the shear stresses are exactly equal to the resitance stresses, but outside they 
decay inversely with r. This implies that the array behaves as if it were a super screw dislocation with 
Burgers vector Nb located at the origin. 
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2.5 Implications for the Indentation Size Effect 
We now use the results of the preceding analysis to modify the Nix-Gao model for the indentation 
size effect and discuss its implications. The key issue is how large the zone containing the GND’s is and 
how it depends on material and experimental parameters.  According to the concepts developed here, 
the size of the zone can be approximated in a more physically meaningful way as the radius, R, of the 
expanding dislocation array after it comes into mechanical equilibrium. According to Eq. (2.8), the 
number of GND’s needed to accommodate the hardness impression is NGND=2h/b. Since this 
corresponds to only half of the circular expanding zone, the total number of dislocations, N, in the full 
expanding array would be twice this or N = 2NGND = 4h/b. Using Eq. (2.25) in conjunction with








Curiously, then, just as in the original Nix-Gao model, there is an inverse dependence of the GND density 
on the contact depth. This occurs because the radius of the zone in which the GND’s are constrained, 
although not exactly equal to the contact radius of the hardness impression as in the Nix-Gao model, 






tan . (2.28) 
Moreover, using Eq. (2.4) in conjunction with Eq. (2.27) leads to 









which is the same form as the Nix-Gao relation for the depth-dependence of the hardness (Eq. (2.7)) 
with a distinctly different value of h* given by 
 h
* = 2b . (2.30) 
Comparing this to Eq. (2.11) reveals that while h* from the Nix-Gao model depends on several material 
properties (G, b, and H₀) as well as the indenter angle ( ) and the Taylor constant (α) in the current 
model it depends only on b and α. This very different dependence on indenter angle could be useful in 
experimentally distinguishing between the two models. 
A comment is warranted here on the numerical values of the characteristic depth, h*, predicted 
by the two approaches. Using typical numbers for soft metals, Nix and Gao showed [2.1] that their 
prediction for h* (Eq. (2.6)) yields characteristic depths on the order of 1 m, which are generally 
consistent with experimental observations. On the other hand, assuming =0.3 and a typical Burgers 
vector of 0.3 nm, the characteristic depths that follow from the new analysis (Eq. (2.30)) are on the 
order of  0.1 nm, and thus much too low. Some understanding of this is obtained by considering the radii 
of the GND zone predicted by Eq. (2.28). For typical soft metals (G= 50 GPa; r= 0.1 GPa), the radii would 
be of the order of 100 times the contact radius, implying that the plastic zones would be inordinately 
large. This may result from modeling what is inherently a complex, 3D problem by a 2D approach 
involving straight, parallel dislocations. The distances that such dislocations move in 2D analyses and 
simulations are typically much greater than in 3D because of the lack of entanglement and line tension 
effects. Thus, in 3D one might expect the GND zones to be much smaller in a manner that is not 
accounted for here. How this would affect the numerical predictions of the model is not clear, but one 
might expect the same basic trends and relationships with different constants. 
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Lastly, to the extent that the new modeling is correct and the predicted dependencies apply in 3D 
as well as 2D, it is clear that one cannot ascribe the experimental deviations from Nix-Gao linearity to 
strong repulsive interactions of the GND’s [2.4][2.5][2.9]. Thus, the experimental observations are either 
in error, as has recently been suggested [2.15], or the breakdown has other physical origins such as the 






1. A tightly grouped 2D array of N screw dislocations whose motion is inhibited by a simple drag 
stress r expands to a radius R=(NGb)/(2 r) under the repulsive interactions of the dislocations. 
This radius is exact in the limit of large N. 
2. Using the expanded array of screw dislocations to determine the size of the GND zone in the 
Nix-Gao model for the indentation size effect results in the same functional form for the 
relationship between hardness and depth, but a different characteristic depth below which the 
size effect becomes significant. Since the functional form is the same, one cannot ascribe 
recently reported experimental deviations from Nix-Gao linearity at small depths to strong 
repulsive interactions of the GND’s. 
3. Although the functional form of the relationship between hardness and depth is the same in 
both models, there is an important difference in the dependence of the characteristic depth h* 
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Fig. 2.5 Normalized radius, R/b, versus number of dislocations, N, for the expansion of an array of like-signed screw 
dislocations, where the normalized resistance stress is: (a) 2πτr/G=0.1; (b) 2πτr/G=1. 
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Fig. 2.7 Normalized distribution function, D(r)b, versus normalized radius, r/b, for the case of N=1000 and 2πτr/G=0.1. 
 

















































3 Critical issues in making small-depth mechanical property measurements by 




Continuous stiffness measurement (CSM), also sometimes referred to as force modulation or 
dynamic stiffness measurement (DSM), is a convenient technique for measuring hardness and elastic 
modulus at small depths in nanoindentation experiments [3.1-3.4]. An important advantage of the 
technique is that it allows basic mechanical properties like hardness and elastic modulus to be evaluated 
continuously as the indenter is driven in during loading, as opposed to the load-unload technique which 
applies only to one specific depth as in the original Oliver-Pharr method [3.1] or the partial unloading 
methods that have been developed for spherical indentation by Field and Swain [3.5,3.6]. Continuous 
stiffness measurement is usually implemented by applying a small, sinusoidally varying load to the 
primary load signal and measuring the amplitude and phase of the displacement oscillation at the same 
frequency by means of a frequency specific amplifier [3.1,3.2]. The stiffness, which for an elastic contact 
is given by the ratio of the load amplitude to the displacement amplitude, can then be measured 
continuously during the loading cycle. By means of feedback control, the technique can also be 
implemented for experiments performed at constant displacement oscillation amplitudes, which are 
typically 1 or 2 nanometers.  
A basic assumption underlying almost all dynamic stiffness measurements is that the amplitude 
of the oscillation is small enough that its effects on the overall loads and displacements can be ignored. 
As a result, the standard 1 or 2 nanometer oscillation has often been used to measure hardness, H, and 
elastic modulus, E, to depths as small as 20 nm. However, we have recently realized that in some 
materials, in particular, those with high modulus to hardness ratios, E/H, this assumption is not 
necessarily justified. We first recognized this problem while making a series of small depth hardness 
measurements a copper single crystal. At depths less than 100 nm, significant differences in the 
nanoindentation load-displacement curves during loading were observed when the CSM oscillation was 
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turned on and off; specifically, engaging the CSM measurement system noticeably reduced the load at a 
given displacement. Another manifestation of the problem was recently reported by Durst et al. in a 
study of the indentation size effect in nickel single crystals [3.7]. Fig. 3.12 shows their basic results for 
hardness, H, as a function of indentation depth, h, evaluated in two ways: (1) by loading and unloading 
individual indentations to specific depths and analyzing the load-unload data to determine the 
stiffnesses needed for the hardness evaluation (load/unload method; CSM off); and (2) by using CSM to 
measure the stiffness and hardness continuously during loading. The data have been plotted as H2 vs. 
1/h to facilitate comparison to the Nix-Gao model for the indentation size effect (ISE) [3.8]. The plot 
shows that the CSM hardnesses are similar to those of the load/unload method at larger depths, but at 
smaller depths, they are significantly smaller. This gives rise to an apparent break in the slope in the 
CSM data, whereas the load-unload measurements are essentially linear, in accordance with the Nix-
Gao model. Similar data showing a break in slope based on CSM measurements have been reported by 
Swadener et al. for Ir [3.9] and Feng and Nix for MgO [3.10].  
In this work, we document the errors that can be produced in continuous stiffness 
measurement and develop a general framework for analyzing and understanding them. The analysis and 
modeling leads to important new ways to correct the data to reduce the problems, as well as new test 
methods that can be used to extend the useful range of continuous stiffness property measurement to 
smaller depths. 
 
                                                          
2
 All figures are located in the Appendix. 
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3.2 Experimental Procedures 
The material used in the study was a (100) copper single crystal originally used for studies of the 
indentation size effect with pyramidal indenters. Copper was chosen because the effects of the CSM 
oscillation are particularly large for reasons that will be explained later. The surface was prepared for 
indentation by conventional mechanical grinding with SiC papers down to 1200 grit followed by a 2 hour 
polish with colloidal silica and electropolishing with a copper cathode for 3 minutes using a solution of 
85% H3PO4 at a current of 1 A/cm
2. To further assure removal of mechanically damaged surface layers, 
the colloidal silica and electropolishing was repeated a second time. 
Nanoindentation measurements were conducted with an MTS Nanoindenter XP® using a 
Berkovich indenter with an area function calibrated based on measurements in fused silica. The majority 
of the experiments were conducted using the standard XP® indenter head, which has displacement 
resolution of 0.01 nm and load resolution of 50 nN, although near the end of the study, an additional set 
of measurements was made using the Nanoindenter DCM® head to take advantage of its improved load 
and displacement resolutions (about 1 nN and 0.0002 nm, respectively). The basic experiment consisted 
of loading the indenter at a constant normalized loading rate P  = 0.05/s to a prescribed depth, and 
then unloading under the same conditions. Experiments were performed at various displacement 
oscillation amplitudes nominally in the range 1 to 12 nm as characterized by the root mean square 
displacement amplitude, hrms. For baseline comparison, experiments were also performed with the 
CSM turned off ( hrms =0). The indentations were generally made to prescribed depths in the range 100-
6000 nm. 
After indentation, hardness impressions made with the CSM turned off were imaged in a high 
resolution scanning electron microscope (SEM) to provide an independent measure of the contact area, 
ASEM, from which the hardness, HSEM, could be independently measured for comparison to the 
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nanoindentation measurements. As in previous work [3.11], the area was measured by tracing the 
contact periphery in a digital image and then counting the number of pixels inside the enclosed area, 




3.3 Experimental Observations 
3.3.1 Baseline property measurements 
The baseline hardnesses determined from the SEM area measurements are shown in Fig. 3.2. An 
indentation size effect is clearly visible, with the hardness at small depths (~100 nm) increasing by more 
than a factor of two over the large-depth, macroscopic hardness, Ho = 0.60 GPa. The reduced elastic 
modulus, Er, of the (100) copper was measured from the unloading stiffness of a large Berkovich 
indentation after correcting for the contribution from the diamond indenter [3.1]. For an elastically 
isotropic material, the reduced modulus is related to Young's modulus, E, and Poisson's ratio, , through 
Er=E/(1-
2), but for an anisotropic material like (100) copper, the relation to the single crystal elastic 
constants is more complex [3.12, 3.13]. The value of Er found via the Oliver-Pharr method of data 
analysis [3.1] was 135 GPa.  
 
3.3.2 Influences of displacement oscillation on basic measured quantities 
The basic quantities measured in a nanoindentation test are the load on the indenter, P,  the 
displacement of the indenter, h, and the stiffness of the contact, S, as measured by CSM techniques or 
from the initial slope of the unloading data. In this section, we focus on these quantities and how their 
measurement is influenced by the CSM displacement oscillation, hrms.  
Fig. 3.3a shows the load-displacement curves obtained experimentally for each of 6 nominal 
displacement oscillation amplitudes: hrms = 0, 1, 2, 4, 8, and 12 nm. Note that for each experimental 
condition, the data include results from 4 to 8 separate tests. In addition, as will be documented shortly, 
it was found that the actual displacement oscillation amplitudes were 80% of the prescribed values, that 
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is, hrms = 0, 0.8, 1.6, 3.2, 6.4, and 9.6 nm. These values have been used in all computation and modeling 
in this work.  
It is clear from the data in Fig. 3.3a that the oscillation has a significant effect on the P-h curves. 
Assuming that the data with the CSM off ( hrms=0) represent the true behavior, it is apparent that the 
net effect of the CSM oscillation is to move the curves downward, as if the force on the specimen at a 
given displacement were reduced. In addition, the degree to which the curves move downward 
increases with increasing oscillation amplitude. The fact that the curves for the 8 and 12 nm oscillations 
terminate at smaller displacements than the others is due to the fact that the testing system cannot 
apply enough force to maintain these large oscillations when the contact stiffness becomes large at 
large depths. The data have thus been discontinued at the point at which this happens. 
Fig. 3.4a shows the experimental stiffness vs. displacement curves (S-h). Here, there is no 
measurement for CSM off, so the baseline for comparison is established from the hrms = 1 nm curve. 
Once again, the oscillation has a profound effect on the behavior, with the stiffness decreasing 
significantly for the larger oscillations in a manner that changes the basic shapes of the curves. Another 
noteworthy feature is the large point-to-point scatter that develops for the large oscillation amplitudes, 
which is especially obvious in the hrms = 8 and 12 nm curves. An important clue to the origin of the 
scatter at small depths is shown in Fig. 3.5a, where the root mean square amplitude (RMS) of the 
displacement oscillation is plotted as a function of depth. For the larger hrms, the displacement 
oscillation is widely scattered at the beginning of the test, but eventually settles down towards 80% of 
the prescribed value. Recalling that the displacement oscillation is achieved by feedback control, this 
suggests that the test system may have difficulty maintaining control of the oscillation at the beginning 




3.3.3 Influences of displacement oscillation on derived quantities 
The displacement oscillation also has significant influences on quantities derived from the basic 
measurements, the most important being the hardness, H, and the reduced elastic modulus, Er, 
obtained by applying the Oliver-Pharr method of analysis to the basic data using the stiffnesses 
measured by CSM. Results for the reduced modulus are shown in Fig. 3.6a, where it should be recalled 
that the reduced modulus for the copper specimen is about 135 GPa. The data show that Er is relatively 
constant close to the correct value for large depths, but drops precipitously at smaller depths. The depth 
at which the drop takes place is larger for larger oscillation amplitudes and correlates well with the 
depth at which the large scatter in hrms is observed in Fig. 3.5a. The hardnesses shown in Fig. 3.7a also 
show unusual behavior at small depths, which is best appreciated by comparing them to the hardnesses 
determined from the SEM area measurements. At large depths, the hardnesses measured using a small 
oscillation amplitude agree well with those observed in the SEM, but for large amplitudes, the CSM-
measured hardnesses are too small. The problem is exacerbated at small depths, where even the small 
oscillation data significantly underestimate the true hardness. As a notable example, the hardness 
measured using the 1 nm oscillation is 50% too low at an indentation depth of 100 nm. It is thus clear 
that: (1) the magnitude of the displacement oscillation has a profound effect on the derived properties, 
(2) that the errors become worse at larger oscillation amplitudes, and (3) that the errors in some 
quantities, most notably the hardness, are significant even at depths two orders of magnitude larger 




3.4 Sources of Measurement Error 
We propose here that the sources of the measurement error have their origin in the relative 
stiffness of the contact and its relation to the displacements that can be recovered during the unloading 
portion of the oscillation. As illustrated in Fig. 3.8, which presents curves drawn to scale based on the 
model developed in the next section, there are three different potential sources of error. The dashed 
line on the right hand side of the figure shows the expected behavior for complete unloading. The 
unloading curve is especially steep due to the high contact stiffness, implying that only a small amount 
of displacement is elastically recovered - about 25 nm in this case. As will be shown later, the contact 
stiffness and the amount of elastic recovery depends on the ratio of the reduced modulus to the 
hardness, Er/H, with high values resulting in stiff contacts and small recoveries. If the stiffness is high, 
then during the unloading portion of the CSM oscillation cycle, even a small 2 nm oscillation can produce 
a sizeable amount of unloading. The partial unloadings shown along the curve in Fig. 3.8 demonstrate to 
scale how much unloading is expected. Note that the decrease in force during the unloading cycle is by 
no means negligible. Copper is particularly sensitive to this because of its large Er/H ratio, about 225. For 
metals and ceramics, the range of Er/H is generally about 10-300. 
The first, and perhaps most important source of error, is related to the measured loads and 
displacements. With the CSM measurement system active, the nanoindentation system used for our 
studies records not the peak values of P and h, but rather the mean values during the oscillation cycle 
(note: other commercially available nanoindentation systems may operate differently). If the oscillation 
is very small, the effects are negligible and the mean value provides a good approximation of the 
maximum value. However, when the oscillations are large, as is the case for the load oscillation of a very 
stiff contact, the mean value significantly underestimates the true peak load, and the apparent load, 
Papp, as recorded by the nanoindentation system, is measurably less than the actual peak load, Pact (see 
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Fig. 3.8). Letting P be the peak-to-peak load amplitude during the oscillation, hereafter referred to as 
the dynamic load amplitude, the apparent and actual loads are related through 
 
  
Papp Pact P / 2  . (3.1)  
A similar error occurs in the displacement. Letting h represent the peak-to-peak displacement 
amplitude, the apparent displacement, happ, is related to the actual displacement, hact, by 
 
  
happ hact h / 2 hact 2 hrms   . (3.2) 
For a stiff contact, the displacement error is not as important as the load error, but it could have 
important consequences for more compliant contacts, i.e., materials with small Er/H. Fortunately, there 
is a simple way to correct for these errors, as will be discussed later. 
The second source of error results from an underestimation of the contact stiffness. As shown in 
Fig. 3.8, the apparent stiffness Sapp as measured by CSM techniques is essentially the ratio of peak-to-
peak load amplitude, P, to the peak-to-peak displacement amplitude, h, that is, Sapp= P/ h. If 
unloading curves were strictly linear, then the stiffness measured in this way would be the same as the 
stiffness at peak load. However, most real unloading curves show a slight curvature, as illustrated in Fig. 
3.8, and from the geometric construction there it is clear that this causes the apparent measured 
unloading stiffness to be smaller than the true unloading stiffness, So, corresponding to the slope of the 
unloading curve at peak load. Once again there is a simple correction for this problem provided one has 
a good model for the behavior and shape of the unloading curve.   
The third identifiable source of error results from the fact that at small total depths of 
penetration, the amount of dynamic unloading, P, during the displacement oscillation may be larger 
than the total force on the contact (see Fig. 3.8). When this happens, the indenter lifts from the surface 
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and loses contact during part of the oscillation cycle, similar to tapping mode operation of an atomic 
force microscope (AFM), and the loads, displacements, and stiffnesses recorded by the nanoindenter 
are essentially meaningless. With appropriate models, the depth below which tapping occurs can be 
estimated (as shown in the next section), but unlike the two previous source of error, there no way to 
correct for it. Thus, the tapping depth represents an important physical limit for which CSM 
measurement of stiffness can be meaningfully applied. The tapping problem also confuses the feedback 
control system that holds the displacement amplitude constant, and this has important implications for 
the accuracy of data obtained at depths just above the tapping depth. Specifically, once full contact is 
achieved, there is a time period in which transients are produced as the feedback control stabilizes on 
its target. Such transients are observed in the data of Fig. 3.5a, where there is a slight increase in hrms 
after tapping ceases until stable contact is achieved. Tapping would also be expected to affect the 




3.5 Modeling the Loading and Unloading Behavior 
It is clear from the preceding discussion, that in order to better understand the nature of small-
depth measurement errors and find ways to correct for them, quantitative models for the loading and 
unloading behavior are required. Here, we develop such models based on ideas and methods that are 
detailed elsewhere [3.14-3.16]. 
 
3.5.1 The loading curve 
We model the behavior of the loading curve using concepts developed by Malzbender et al 
[3.14], which apply to indentation of an the elastic-plastic half space by a conical indenter with a half 
cone angle, . Their model is similar to others developed by and Oliver [3.15] and Hainsworth et al. 
[3.17]. Using the contact geometry illustrated in Fig. 3.9, the model begins by assuming that the total 
displacement, h, is just the sum of the depth along which contact is made, hc, and the elastic 
displacement of the surface at the edge of the contact, hs, that is 
   h hc hs   . (3.3) 









  , (3.4) 






  , (3.5) 
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where the geometric factor  for a conical indenter is = 2( -2/)/  (frequently approximated as 0.726) 






Er Ac   , (3.6) 











h2  . (3.7) 
It has been shown that Eq. (3.6) relation works well for indenters with relatively large half-included 
angles,  , but can underestimate the true load for smaller angles [3.19]. For simplicity, we define a 









 , (3.8) 







Note that the load depends parabolically on the displacement, as it must because of the geometric 
similarity of the conical indenter, and that the form of the loading curve depends directly on the ratio 
Er/H since  is a function of this parameter.  The derivation assumes that the indenter has perfectly 
sharp conical tip and a perfect area function.  The work of Thurn and Cook [3.20] and Bei et al. [3.21] 





3.5.2 The unloading curve 
To describe the unloading curve, we use the model developed by Bolshakov and Pharr, which is 
based on the concept of an "effective indenter shape" [3.16]. The model incorporates the influences of 
plasticity on the elastic unloading by relating them to the shape of the permanent hardness impression 
and the coupled pressure distributions that are consistent with the loading and unloading processes. 
From a simple approximate analysis, they suggested that the unloading curve for a conical indenter can 










  , (3.10) 
where Pmax is the maximum load from which the unloading process begins, hf is the final depth after 
unloading, and K and m are constants where m=1.38 and K=0.858. Comparison to real unloading data 
obtained with a Berkovich indenter showed that these values for K and m work quite well for a variety of 
materials [3.16]. However, in the course of this study, we realized that in order for Eq. (3.10) to be 
consistent with the stiffness relation of Eq. (3.6), the coefficient K cannot be independent of m. Rather, 
for the stiffness determined by differentiating Eq. (3.10) with respect to depth, it follows that K and m 







  (3.11) 
if Eq. (3.6) is to be recovered. For m =1.38, this then implies that K=0.757, which actually does a slightly 
better job of describing most of the unloading curves examined by Bolshakov and Pharr. We thus 




3.5.3 Basic relations - no indentation size effect 
By simple analysis of the P-h relations for the loading and unloading curves, it is possible to 
make some important quantitative predictions about how the errors resulting from CSM measurement 
are related to the amplitude of the displacement oscillation, which we will characterize either by the 
peak-to-peak amplitude, h, or the root mean square amplitude, hrms. Note that h and hrms are 
simply related by   h 2 2 hrms. The key to the analysis is to relate the dynamic unloading, P, to the 
dynamic displacement amplitude, h, as shown in Fig. 3.8. The first step is to note that the final depth 
after full unloading, hf, can be related to the peak load and peak displacement by means of Eq. (3.10),  
using P=Pmax and h=hmax. Using this in conjunction with Eq. (3.9) evaluated at P=Pmax and h=hmax yields  
 
  






  . (3.12) 
Substituting this into the unloading curve equation (Eq. (3.10)) and noting that h =(hmax - h) and 
















  . (3.13) 




















  . (3.14) 
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Although equations 1, 2, and 14 provide the required predictions of how the primary measured 
parameters - Papp, happ, and Sapp - will be affected by the CSM oscillation, two other relations are also 
useful. The first relates the true stiffness, So, corresponding to the slope of the unloading curve 




1 / m Er Er
H
hmax   . (3.15) 
The second gives the depth below which surface contact is lost and tapping is observed, i.e., the tapping 
depth, htap. This is determined by noting that surface contact is lost when the magnitude of the 
displacement oscillation is greater than the amount of elastic recovery that occurs during complete 




1 / m Er
H
h   . (3.16) 
Before continuing with the model development, some comments are warranted as to why 
materials like copper are so sensitive to measurement errors by CSM techniques. The first is related to 
how much elastic displacement can be expected during complete unloading. For the copper used in this 
study, Er=135 GPa, and H at large depths is about 0.60 GPa, giving Er/H=225. Using =70.3° to represent 
a conical indenter that has the same effective angle as the Berkovich pyramid, Eq. (3.8) yields  =3.13. 
For K = 0.757 and m = 1.38, Eq. (3.12) then gives hf/hmax = 0.973, implying that only 2.7% of the total 
displacement is recovered during unloading. Thus, from a maximum depth of 100 nm, only 2.7 nm of 
peak-to-peak oscillation amplitude would bring the indenter off the surface. Alternatively, assuming 
hrms = 2 nm, as is often used in nanoindentation measurements, the contact depth for copper at which 
tapping would occur as computed from Eq. (3.16) is 213 nm. Thus tapping would persist to relatively 
large depths.  
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 It is also instructive to consider the amount of elastic recovery that would occur in the limit of 











  , (3.17) 
which shows that the amount of elastic recovery depends directly on the modulus-to-hardness ratio, 
Er/H. 
 
3.5.4 Basic relations - Nix/Gao indentation size effect 
 Although the equations developed in the preceding section provide important predictions for 
the general behavior of the errors to be expected during continuous stiffness measurements, they are 
derived assuming that the hardness is a constant independent of depth and do not explicitly incorporate 
the influences of an indentation size effect (ISE), which is clearly evident for copper in the data in Fig. 
3.2. Thus, before comparing the predictions of the models with experimental data, we must modify the 
relations to include the size effect.  
Of the numerous models for the size effect, that proposed by Nix and Gao has received the 
greatest attention [3.8], and we proceed here by assuming that it provides a reasonable description. 
Other relations could also be employed using the same approach. According to the Nix-Gao model, the 
hardness varies with depth according to 
   H Ho 1 h
* hc   , (3.18) 
where Ho is the macroscopic hardness (i.e., the hardness approached asymptotically at large depths), h*  
is a material-dependent characteristic length below which the size effect becomes important, and hc is 
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the contact depth.  Because this relation is formulated in terms of hc rather than h, it is mathematically 
useful to re-cast important results and predictions parametrically in terms of hc. Doing this, the relation 
that describes the loading curve becomes      
   P Ho tan
2 hc
2 1 h* hc   , (3.19) 









  . (3.20) 
The latter equation follows simply from Eqs. 3 and 5 in conjunction with the contact geometry shown in 
Fig. 3.9. Eq. (3.10) can still be used to describe the unloading behavior provided Eq. (3.20) is used to 
compute h for specific values of hc. Then, following the derivation procedures outlined in the previous 





































True stiffness:   So 2Er tan hc (3.24) 












h2 h* or P Pmax .   (3.25) 
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3.6 Comparison to Experiment 
A comparison of the predictions of the model to experimental results for (100) copper requires 
that the parameters Ho and h* in the Nix-Gao model for the indentation size effect be evaluated. To this 
end, it is clear from Fig. 3.2 that the large depth hardness, Ho, is about 0.60 GPa. To determine h*, the 
data in Fig. 3.2 have been replotted in Fig. 3.10 as (H/Ho)
2 vs. 1/h, from which it is observed that h* is 
about 500 nm. Using these values along with =70.3°, Er=135 GPa, m=1.38, K=0.757, =0.726, and 
Pmax=18 mN, Eqs. 10 and 18 have been used to predict the loading and unloading curves, which are 
compared in Fig. 3.11 to experimental curves obtained with a Berkovich indenter. The close agreement 
shows that the model works well, both qualitatively and quantitatively, and that using a conical indenter 
with a half-included angle of 70.3° for the model adequately captures the P-h behavior of the 
geometrically more complex Berkovich indenter.  
The influence of the oscillation amplitude hrms on the loading curve predictions is shown in Fig. 
3.3b, where the apparent load computed from Eqs. 1 and 22 is plotted as a function of the apparent 
displacement from Eq. (3.2). For the model predictions, the data are truncated for depths below the 
tapping depth, which increases with the oscillation amplitude. Comparison of the model predictions to 
the experimental data in Fig. 3.3a shows that the model works well, not only in the trends it predicts, 
but in its quantitative predictions as well. Although it is not apparent in the plots, the great majority of 
the effect of the oscillation amplitude on the P-h curve comes from its influence on the apparent load. 
Model predictions for the apparent stiffness are shown in Fig. 3.4b. The model predicts that the 
apparent stiffness is progressively reduced as the oscillation amplitude increases, and that it is 
essentially linear with depth, although there is a slight downward curvature near the tapping depth. 
Comparison to the experimental data in Fig. 3.4a shows that there is good correlation between the 
tapping depth and the depth below which the experimental stiffnesses deviate from linear behavior. 
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To gain a greater appreciation of the importance of the tapping depth and its influences on the 
observed behavior, the experimental measurements of hrms in Fig. 3.5a are compared to model 
predictions in Fig. 3.5b. The model prediction for a given oscillation amplitude is simply a constant 
whose value is nominally that of the applied oscillation. Note, however, that in the experiments, the 
measured oscillation amplitudes, once the steady state at the larger depths was achieved, were 
consistently about 80% of what was intended. For this reason, the model predictions have been reduced 
to 80% of the nominal values, and all model predictions presented in this work were computed using 
80% of the nominal values. Comparison of the model to the experimental results reveals two important 
observations. First, the tapping depths predicted by the model, shown by the truncation of the data at 
the small displacements, correlate well with the depths below which the large scatter is observed in the 
experimental data. This suggests that loss of surface contact is indeed the cause of the scatter and that 
Eq. (3.25) provides a good estimate of the tapping depth. Second, the experimental data suggest that 
after the tapping ceases with increasing depth, there is still a transient period during which the 
magnitude of the oscillation increases by a small but measurable amount. Thus, it appears that 
complete control of the displacement oscillation is not achieved until the testing system has had some 
time to adjust to conditions of uninterrupted surface contact. It is also possible that dynamic contact 
during tapping has important effects on the hardness and the geometry of the hardness impression that 
would not be observed in quasi-static loading.  
Applying the Oliver-Pharr method to the basic model predictions for load, displacement, and 
stiffness, predictions for the influences of the displacement oscillation on the primary derived quantities 
of interest in this work are shown in Figs. 6b and 7b. For the reduced modulus (Fig. 3.6b), the tapping 
depth correlates well with the depth below which the modulus falls precipitously. This is due to a 
significant underestimation of stiffness when the indenter is not in complete contact. At depths just 
larger than the tapping depth, the modulus is initially underestimated because of the stiffness error, but 
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eventually approaches the modeled value, Er=135 GPa. All these trends mimic the observed 
experimental behavior and suggest that the errors in modulus are caused primarily by tapping and 
underestimation of stiffness (see Fig. 3.4). One notable exception is that the reduced modulus at small 
depths rises slightly above the reference value of 135 GPa when the oscillation amplitude is small. We 
do not fully understand this, but note that it occurs at depths which are in the transition from tapping to 
stable contact, i.e., depths where the dynamic behavior of the contact is not well understood.  
The model predictions shown in Fig. 3.7b show how dramatic the influences of the oscillation 
can be on the hardness. For depths greater than the tapping depth, the general trends predicted by the 
model are also observed in experiment, with the true hardness (see the curve for hrms= 0) being 
underestimated by an amount that increases with the magnitude of the displacement oscillation. One 
particularly important prediction is that even for displacement oscillations as small as 1 nm, the model 
shows that the hardness is still significantly underestimated, even for depths as large as 100 or 200 nm. 
Close examination of the model data shows that this is mostly due to the error in the load (see Fig. 3.3). 
Fortunately, this can be readily corrected using simple procedures that are presented in the next 
section. On the other hand, at depths just above or below the tapping depth, it is clear from the 
experimental data that the loss of contact with the surface has severe repercussions on the hardness 
measurements, with the hardnesses being significantly underestimated for all conditions. Since there is 
no way to correct for this, it is imperative that data below and near the tapping depth be ignored.  
Lastly, it is also to instructive to consider how the oscillation would affect the hardness data 
when plotted in a form consistent with the Nix-Gao indentation size effect, that is, (H/Ho)
2 vs. 1/h. 
Experimental data and model predictions plotted in this way are shown in Fig. 3.12a&b. For the portions 
of the curves on the left hand side of the plots, corresponding to the large penetration depths, the 
general trends in the experimental data are well-captured by the model. The deviation between the 
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model and experiments on the right hand side is due to the complications caused by tapping and loss of 
contact. Clearly, these effects are of great importance in interpreting indentation size effect data 
obtained by continuous stiffness measurement.  
To further explore the influence of the oscillation on measurement of the indentation size 
effect, we have also used the model to make predictions for the Ni data recently reported by Durst et al 
(Fig. 3.1). Using their suggested values of Ho =0.61 GPa, h*= 1410 nm, and Er = 221, the predictions of 
the model are presented in Fig. 3.13. Comparing to Fig. 3.1, it is evident that the commonly used 2 nm 
displacement oscillation gives a result that is very close to what was observed in experiment. The actual 
oscillation amplitude used to obtain the experimental results was not reported. It is clear that measuring 
hardness by CSM techniques can lead to erroneous results and interpretations. One important reason 
that the data are so dramatically affected when plotted in this way is that using the inverse depth, 1/h, 
as the plotting parameter stretches the data out in a manner that emphasizes the small depth data 




3.7 Methods and Techniques for Improved Measurements 
3.7.1 Corrections to data  
The fact that the model both qualitatively and quantitatively predicts the observed experimental 
behavior provides us with a number of important ways to make corrections to CSM data to improve its 
accuracy and extend its range of applicability. The easiest corrections to make are those to the 
measured loads and displacements. According to Eqs. 1 and 2, the actual load, Pact , and actual 
displacement hact are given by 
 
  




hact happ h / 2 happ 2 hrms   . (3.27) 
Both of these are easy to implement in practice since CSM measurement techniques usually provide 
direct measurements of Papp, happ, Prms and hrms. Using Eqs. 23 and 24, it is also possible to make 

















  . (3.28) 
 To assess the importance of these corrections, the experimental data for copper have been 
corrected according to the relations in Eqs. 26-28. Fig. 3.14 shows the corrected loading curves. 
Compared to the uncorrected data in Fig. 3.3a, it is seen that making the corrections brings all the data 
for the different oscillation amplitudes onto a single curve. The only significant deviations are for the 
105 
 
larger oscillation amplitudes at small depths of penetration where tapping is a problem. Close 
examination of the data revealed that the great majority of the correction results from correcting the 
load.  
 The corrections to P, h, and S also result in important changes to the hardnesses derived from 
the basic data, as shown in Fig. 3.15. Compared to the uncorrected data in Fig. 3.7a, it is apparent that 
the hardnesses all shift upward when the corrections are applied. Once again, consideration of the 
separate effects shows that it is the load correction that is the most important. The data at large depths 
merge nicely to a single curve that matches well with the hardnesses measured directly in the SEM. At 
small depths, the tapping problems prevail, and the measured hardnesses, even after correction, still 
underestimate the true values. Thus, although the corrections provide some improvement, it is clear 
that at depths of 100 nm and less, the measured hardnesses are still significantly in error. The only way 
to obtain further improvement is by decreasing the displacement oscillation amplitude, as discussed in 
the next section. 
 
3.7.2 Improved testing methods 
Improved accuracy can also be achieved by changes to the basic testing methods. One obvious 
way to do this is by reducing the amplitude of the displacement oscillation. The minimum value that can 
be practically used is limited by the resolution of the displacement measuring system and its signal-to-
noise ratio. By conducting experiments using the higher resolution DCM indentation head, we have 
found that hrms can be reduced to 0.125 nm without adversely affecting the quality of the data. The 
small oscillation amplitude has two benefits: (1) it reduces the tapping depth, and (2) it reduces the 
amount of plastic damage caused by the oscillation during the indenter approach to the surface. We 
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have thus used this system to explore whether more accurate CSM measurements can be made at small 
depths.  
Fig. 3.16a shows the depth dependence of the hardness measured using a DCM indenter head 
with hrms 0.125 nm. Because the maximum load for the DCM head is limited to about 10 mN, a 
second set of data for larger depths was obtained using the standard XP head and a 0.5 nm oscillation, 
which was found to be the limit for which data of acceptable quality could be obtained with this head. 
All of the P-h data were corrected using Eqs. 26 and 27 before being used to derive the hardnesses. The 
SEM hardnesses shown on the plot are all in close agreement with the CSM measurements, suggesting 
that reducing the oscillation amplitude does indeed help. Based on Eq. (3.25) and the measured 
properties of Cu, the tapping depth under these conditions should be about 0.3 nm. On the other hand, 
if no size effect is assumed, then the tapping depth given by Eq. (3.17) is 13 nm, providing a more 
conservative estimate. Thus, one might conservatively expect the measured hardnesses to be accurate 
down to depths of around 20 nm. One notable exception in the data comparison in Fig. 3.16a is that the 
CSM data do not seem to indicate a plateau in the hardness at large depths, whereas the SEM data do. 
We suspect this is due to the accuracy with which the machine stiffness is known and its increasing 
importance in hardness evaluation at large depths. It should be noted that the depths of interest here 
are much larger than for normal nanoindentation measurements. 
Assuming that the measurements are accurate to depths as small as 20 nm, data in Fig. 3.16a 
have been replotted in Fig. 3.16b as H2 vs. 1/h to explore how well the indentation size effect is be 
described by the Nix-Gao model (Eq. (3.18)). The data show a slight curvature, suggesting that there are 
slight deviations from the Nix-Gao description at smaller depths. However, there is no sharp break in 
behavior, consistent with the findings of Durst et al. for nickel [3.7]. It thus appears that the sharp break 
in behavior reported for Ir [3.9] and MgO [3.10] may be a CSM measurement artifact. These results also 
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suggest that when the improved testing methods are used and the relevant corrections are applied to 
the data, CSM measurement techniques may be used to extend the useful range for studies of the 
indentation size effect to depths much smaller than those considered in the original Nix-Gao analysis 
(approximately 100 nm). 
Lastly, two comments are warranted with respect to application of the testing methods and 
corrections to the data. The first concerns how measurements in fused silica, which is commonly used as 
a calibration material for determining indenter tip shapes and machine compliances [3.1], might be 
affected. In general, the effects of the oscillation can be expected to be much smaller for fused silica 
since its Er/H ratio is so much smaller - about 8 rather than 225 for copper. As a result, the tapping depth 
for fused silica computed from Eq.16 with hrms=2 nm would be only 10 nm rather than 213 nm for 
copper. Thus, significant errors might be expected only for very small depth calibration experiments, 
e.g., less than about 20 nm. Second, although applying the methods and corrections extends the 
methodology to smaller depths, one must bear in mind that the models and corrections are based on 
the assumption of a perfectly sharp conical tip, and other corrections may be needed for depths below 





1.  Basic measurements of hardness, H, and elastic modulus, E, by nanoindentation methods using 
continuous stiffness techniques (CSM) can be significantly in error for materials which have high 
contact stiffnesses, corresponding to large E/H. The hardness is especially sensitive to this problem. 
2.  The measurement errors have their origins in the large amount of dynamic unloading that can occur, 
even for small displacement oscillations, when the contact stiffness is high. The dynamic unloading 
produces errors in the measured forces, displacements, and stiffnesses. Moreover, at small depths, 
it leads to a condition where the indenter lifts off the surface during the CSM oscillation cycle, 
further increasing the errors and producing noisy, unreliable data. 
3.  A model for the dynamic unloading has been developed from which the effects can be understood 
and partially corrected. The model also provides useful predictions for the depth at which surface 
contact is lost. 
4.  Improvements in measurement accuracy can be achieved by reducing the amplitude of the 
displacement oscillation used to make the CSM measurements in conjunction with simple 
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Fig. 3.1 Hardness data for (100) Ni obtained by Durst et al. [3.7] plotted as H2 vs. 1/h to examine the predictions of the Nix-
Gao model for the indentation size effect [3.8]. The symbols are nanoindentation data obtained without CSM by the load-





Fig. 3.2 Baseline hardnesses in (100) copper determined from SEM area measurements with CSM off. An indentation size 






Fig. 3.3 Influence of the displacement oscillation on the load-displacement curves: (a) experiment; (b) model. The model 








Fig. 3.4 Influence of the displacement oscillation on stiffness: (a) experiment; (b) model. The model predictions were 






Fig. 3.5 Amplitude of the displacement oscillation as a function of indenter displacement: (a) experiment; (b) model. The 








Fig. 3.6 Influence of the displacement oscillation on the reduced elastic modulus, Er: (a) experiment; (b) model. The model 







Fig. 3.7 Influence of the displacement oscillation on hardness, H: (a) experiment; (b) model. The model predictions were 





Fig. 3.8 Schematic illustration of the proposed sources of measurement error.  
 
  





Fig. 3.10 Hardness data for (100) copper from Fig. 2 replotted as (H/Ho)
2
 vs. 1/h to evaluate the characteristic depth, h
*
, 





Fig. 3.11 Comparison of model predictions to experimental data for the load-displacement behavior of an indentation in 








Fig. 3.12 The dependence of hardness on depth of penetration plotted in the manner suggested by the Nix-Gao model for the 
indentation size effect, (H/Ho)
2
 vs. 1/h: (a) experiment; (b) model. The model predictions were computed using hrms equal 
to 80% of the nominal values shown in the figure. 
  
 




Fig. 3.14 Corrections to the P-h data based on Eqs. 25 and 26. The data were corrected using hrms equal to 80% of the 





Fig. 3.15 Hardnesses derived from corrected P-h-S data. The data were corrected using Δhrms equal to 80% of the nominal 








Fig. 3.16 Depth dependence of the hardness of (100) copper measured by continuous stiffness techniques using smaller 
oscillations: (a) hardness vs. depth; (b) H
2
 vs. 1/h to explore how well the data is described by the Nix-Gao model for the 
indentation size effect. The nominal amplitudes were hrms = 0.125 nm for the DCM data and hrms = 0.5 nm for the XP data. 













There has been a great deal of theoretical and experimental interest in the indentation size effect 
(ISE) over the last twenty years [4.1-4.7]. For pyramidal indenters, the size effect is usually manifested 
by an increase in hardness with decreasing depth. Various explanations have been presented, but the 
one that seems to have gained the most recognition is the model of Nix and Gao [4.4]. This model is 
based on the concept of geometrically necessary dislocations (GND’s) that are assumed to reside in a 
hemispherical zone in the material whose radius is arbitrarily set at the contact radius of the indenter. 








, (4.1)  
where the indenter angle, θ, and the plastic depth, h, are as shown in Fig. 4.1, and b is the Burger’s 
vector. The total dislocation density ρt is 
 
sgt =  (4.2)  
where ρs is the statistically stored dislocation density. Using this in conjunction with the Taylor relation 
for the flow stress ςf gives 
 tf Gb3= . (4.3) 
Combining this with the Tabor relation assuming a constraint factor of 3, yields: 
 
 fH 3=  (4.4)  
which leads to:  
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 gsGbH 33=  (4.5)  
and 







0 1= , (4.7) 








* , (4.8) 










tanbh  (4.9) 
[4.4][4.8][4.9][4.10]If this model is correct, then data plotted as H² vs. 1/h will be linear. The single 
crystal copper indentation data of McElhaney et al. demonstrates excellent linearity when plotted in this 
form, which has been the primary evidence that the Nix-Gao theory is correct [4.4].  
One of the interesting predictions of the Nix-Gao model is that there is a strong dependence of 
the hardness behavior on the indenter angle. It is apparent in the forgoing explanation that h* relies on 
tan2(θ), which varies by an order of magnitude depending on one’s choice of tip. There is some 
experimental evidence to suggest that there is a breakdown in Nix-Gao behavior at small depths, which 
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numerous investigators have suggested results from the arbitrary assumption that the assumption that 
the radius of the zone in which the GND’s reside is arbitrary. Recently, Strader and Pharr developed a 
model of an expanding array of screw dislocations which addresses this issue. While this model gives the 
same functional form as Eq. (4.7), the predicted characteristic depth is simply 
 bh 2* = , (4.10) 
which is independent of the indenter angle and the macroscopic hardness [4.11]. This very different 
angular dependence could be used to experimentally determine the validity of the models. We also 
need to point out, that as developed, the Nix-Gao model assumes a constraint factor of three, but it has 
been shown in other works that the constraint factor itself may be dependent on the indenter angle 
[4.12]. In addition, the macroscopic hardness may also be dependent on indenter angle, which could 
affect the interpretation of results.  
In this paper, we perform experiments in single crystal copper with a variety of triangular 
pyramidal indenters with centerline to face angles varying from 35° to 65° to experimentally 
characterize how the indentation size effect is influenced by indenter angle, as well as conduct a limited 
number of FE simulations to help answer some of the issues related to what the constraint factor is and 
how the macroscopic hardness varies with indenter angle. We use these results to assess the validity of 




4.2.1 Sample Preparation 
The copper sample used in this study was a single crystal whose orientation was found to be within 
3° of (100) by Laue techniques [4.11]. The surface was prepared for indentation by conventional 
mechanical grinding with SiC papers down to 1200 grit followed by a 2 hour polish with colloidal silica 
and electropolishing with a copper cathode for 3 minutes using a solution of 85% H3PO4 at a current 
density of 1 A/cm2. To further assure removal of mechanically damaged surface layers, the colloidal 
silica polish and electropolishing were repeated a second time. 
4.2.2 Indentation 
Indentation was conducted using a Nanoindenter XP® (MTS Systems Corp, Knoxville, TN) operated 
in both standard and CSM modes. Experiments consisted of loading the indenter at a constant 
normalized loading rate 10.05= s
P
P  to a prescribed depth, a ten second hold, and then unloading at 
a constant  equal to the maximum loading rate. For this study, four different diamond, three-sided 
pyramid tips of varying centerline-to-face angle, α, were used. The equivalent cone angle, ψ, is defined 
here as the half-included angle of a conical indenter that yields the same depth to projected contact 
area as its pyramidal counterpart. Table 4.1 lists the tips; with their common names, their equivalent 
cone angles, ψ, and the corresponding angle, θ, used in the Nix-Gao theory. Hardnesses were 
determined by: (1) the traditional Oliver-Pharr (OP) method using the unloading stiffnesses only in the 
range of depths where an area function could be determined by indenting calibrated fused silica; (2) the 
Oliver-Pharr method using continuous stiffness measurements at Δhrms=2nm; and (3) by carefully 
measuring contact areas using scanning electron microscopy [4.14][4.15]. A representative Berkovich 
indent is shown in Fig. 4.2a. with its projected contact area determination shown in Fig. 4.2b.   
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4.3 Basic Experimental Results 
The basic hardness-depth data are shown in Fig. 4.3-6 with each data point representing 4-8 
measurements with the standard deviation represented as error bars [4.16]. In these figures, we’ve 
determined the hardness by three methods: CSM (for all but the 45° tip), normal OP loading and 
unloading, and the third is by direct measurement of the areas using the same indents that the normal 
OP method was performed on. It is readily apparent that the CSM measurements do not work; the 
reasons for this are outlined in a separate paper [4.17]. The data collected using the Oliver-Pharr 
method and the measured area are generally in good agreement, which might be expected because this 
is a highly annealed material in which pileup is not a significant issue. While the data are generally 
consistent, we have greater confidence in the SEM measured areas, since there are reasons to believe 
that the OP method might be in error due to pileup problems for the sharper indenters and due to the 
choice of the constant β in the stiffness-contact area relation, which may be a function of indenter angle 
[4.18]. From this point forward, only the directly measured hardnesses will be considered. In this 
context, Fig. 4.7 is presented (all tips on one graph) to illustrate the effect of the indenter angle on the 
hardness. It is readily apparent that the sharper indenters give rise to higher hardnesses. 
It is also instructive to compare our results for copper to that of McElhaney et al. [4.3] and Liu & 
Ngan [4.5] as shown in Fig. 4.8. Note that the data from this study lie between their results, but are 
closer to that of Liu which was collected from a sample that was electropolished in a similar manner to 
the sample used in this study. Differences between the data sets may be accounted for by recognizing 
that the specimen used in this study was a (100) crystal, where the other two represent indentations in 
a (111) crystal, and there could be some anisotropy in the hardness. In addition, the samples may have 




4.4 θ dependencies 
4.4.1 Constraint Factor as a function of θ 
In the Nix-Gao treatment of the ISE, the constraint factor is assumed to be 3, but this 
assumption, made in Eq. (4.5) , that the constraint factor is independent of tip geometry may be an 
oversimplification that affects the analysis of the data presented here. The constraint factor, CF, was 
originally defined by Taylor based on slip line field theory, so it formally applies only to rigid-perfectly 
plastic solids and infinitesimal strains. Even in strain hardening materials it is commonly used to relate 




f =  (4.11)  
[4.10]. Due to the geometry of the constructed slip line field (varies with indenter angle), the CF varies 
from the nominal value of three [4.12]. To explore the angular effect on the constraint factor, conical 
FEA simulations were conducted for an elastic-perfectly plastic material over a wide range of indenter 
angles and E/ςy [4.19]. The results of this analysis, shown in Fig. 4.9, demonstrate that for materials with 
a high E/ςy, the constraint factor would vary by nearly twenty percent for the indenters considered in 
this study. The high E/ςy values of the constraint factor are plotted versus the angle θ in Fig. 4.10 clearly 
showing the angular dependence. Further analyses in this work will make use of the high E/ςy values 
corresponding to the indenter in question. 
4.4.2 H₀ as a function of θ 
4.4.2.1 Experimental determination 
In order to check the validity of the Nix-Gao dependence on angle using this data set, we need to 
consider that H₀ is itself conceivably dependent on θ, and we can’t assess the models against the 
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experimental data set until we understand how H₀ depends on θ. Assuming that the basic form of Nix-
Gao or Strader-Pharr is correct, one may experimentally assess H₀ from a plot of H² vs. 1/h, which is 
shown in Fig.4.11. The figure suggests that the predicted linear relationship fails to describe the data 
adequately over the complete range of depths but may apply at larger depths (smaller 1/h). Many 
investigations have observed that Nix-Gao works well at large depths, but there is a breakaway at 
smaller depths [4.6][4.7]. Therefore, to evaluate H₀, only data for which h>1μm is used (Fig. 4.12). 
Measured values for H₀ and h* are presented in Table 4.2. 
4.4.2.2 Predicted H₀ as a function of θ 
In addition to experimentally determining the theta dependence of the macroscopic hardness, a 
simple model and FEA may also be employed to explore it. Determining H₀(θ) requires a model to 
predict the ρs(θ) for the different tips used. One way to approach this problem is to envision an initially 
square element beneath a 2D indenter as shown in Fig. 4.13. The element, pictured in grey, is deformed 
as shown by the angle θ. This deformation gives rise to the shear strain 
 tan= . (4.12)  
This may be related to uniaxial strain by 
 tanC69= , (4.13)  
where C69 is a constant[4.20]. Assuming a linear relation between the dislocation density and the strain, 
which is often observed in experiment, this uniaxial strain is proportional to the SSD density by  
 Ms =  (4.14) 
[4.20][4.21] where M is the multiplication constant. Thus, it may be concluded that 
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 tans . (4.15)  
This θ dependence is consistent with the analysis by Tabor estimating of equivalent strain, εr, under an 
indenter to be 
 tanr 2.0 , (4.16)  
which may then be related to the density of statistically stored dislocations in the same manner as Eq. 
(4.14)[4.10]. 
 Another method for predicting the θ dependence of the macroscopic hardness is based on FEA 
simulations using a constitutive hardening law for annealed copper. One such law, determined by Lim 
and Chaudhri in 1999 from compression tests in annealed oxygen free polycrystalline copper is 
 
0.498
)( 0.512= GPa . (4.17)  
The measured strain hardening exponent, n, of 0.498 is fortuitously close to that of the Taylor hardening 




)( 0.512= GPa  (4.18) 
is chosen in conjunction with E=118 GPa and ν=0.345 for the finite element analysis [4.22]. 
FEA simulations were conducted for the case of rigid axi-symmetric frictionless tips, with 
hardnesses measured from the cross-sectional area under load. The results of which are shown in Fig. 
4.14 alongside the measured values of H₀(θ) showing agreement in the trends of the data with respect 
to θ [4.23]. Combining the FEA predictions for H₀(θ), the CF(θ), and the Taylor relation allows us to 
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confirm the prediction that ρs (θ) α tanθ or that a plot of ρs(θ)/tanθ (Fig. 4.15) which shows very little 





, (4.19)  




4.5 Assessment of Nix-Gao and Strader-Pharr 
4.5.1 Predictions of the characteristic depth 
Taking into consideration the experimentally determined θ dependence of H₀ and the constraint 
factor from the FEA simulations, the Nix-Gao characteristic depth, Eq. (4.9), may be rewritten to include 











Gbh , (4.20) 








Ch , (4.21) 
where C is a constant. Similarly, the Strader-Pharr characteristic depth may be simplified to h*=C. For the 
purposes of comparison, C has been chosen so that h* matches the measured value for the Berkovich 
indenter.  Fig. 4.16 shows the measured values for h* alongside the Nix-Gao prediction in Eq. (4.21) and 
the Strader-Pharr prediction of h*=C.  Clearly, the Nix-Gao model fails to adequately predict the behavior 
of h*, while Strader-Pharr yields satisfactory results for all but the sharpest indenter (θ=48°). 
4.5.2 Normalizations 
The Nix-Gao θ dependencies in Eq. (4.20) suggest that in order to collapse all data on a single 






 and hardnesses by H₀(θ), which when plotted as 
normalized H² vs. normalized h⁻¹, should cause all the data to collapse onto a single curve if the Nix-Gao 
model predicts the correct θ dependence. Similarly, using the normalizations from the results of the 
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FEA, where combining Eq. (4.8) and (4.15)  suggest normalizing depth by tanθ and H by tanCF . 
These treatments of the data are shown in Fig. 4.17 and Fig. 4.18, where it is clear that the data do not 
converge to a single line.  
 The Strader-Pharr model predicts that the only theta dependence is in the macroscopic 
hardness, so it is only necessary to normalize hardness by H₀(θ). Additionally the FEA results for ρs(θ) 
suggest normalization of the hardness by tanCF , as before. Fig. 4.19 and Fig. 4.20 are plotted in 
this manner, and they appear to account for the θ dependence better than the normalizations 
suggested by Nix-Gao. Note that the data normalized by the experimentally determined H₀(θ) yields 
better convergence, which may be attributed to simplifications used to achieve the ρs(θ) dependence. 
The line in Fig. 4.19, a fit of only the data points for which h≥1μm (as before), reveals that the deviation 
from linearity at small depths persists in this data set throughout all indenter angles.  Since this data 
relies on direct measurement of the hardness, we must conclude that the non-linear behavior is a real 
material effect rather than simply a measurement artifact. This regression may also be used to 





1. The hardening behavior of single crystal copper shows a very strong dependence on the choice 
of tip angle, with smaller included angles yielding higher hardnesses. 
2. The Nix-Gao model fails to adequately describe this angular dependence. 
3. The Strader-Pharr prediction that the characteristic depth is independent of θ and H₀, and, that 
the only important θ dependence resides in the macroscopic hardness agrees with the 
experimental results. 
4. For purposes of plotting data using the H² vs. 1/h form, in the absence of measured macroscopic 
hardnesses, hardnesses may be normalized by tanCF for materials with n≈0.5. 
5. The deviation from the predicted linear behavior for plots of (H/H₀) vs. 1/h for both the Strader-
Pharr and Nix-Gao models appears even when hardnesses are directly measured, meaning that 
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Fig. 4.1 Illustration of the Nix-Gao geometry 
  




Angle ψ (degrees) 
Nix-Gao Angle θ 
(degrees) 
35.26 (Cube-Corner) 42.28 47.72 
45 52.13 37.87 
55 61.43 28.57 
















Fig. 4.3 Hardness as a function of depth measured with a Berkovich tip (ψ = 65.3). 
 
 




































































































































































(100) Cu Single Crystal, Electropolished
(111) Cu Electropolished (Liu & Ngan 2000)











Fig. 4.10 FEA determined, high E/ςy constraint factor versus θ. 
 
 


















































Fig. 4.12 Cu H² versus inverse depth, truncated linear regression. 
 
Table 4.2 Cu H₀ and h
*
 determined from Fig. 4.12. 





65 0.54 0.83 
55 0.62 0.94 
45 0.68 0.93  
35 0.75 1.27  
 
 
y = 0.709x + 0.560
y = 0.430x + 0.466
y = 0.362x + 0.387




























































Indenter Angle θ (degrees)


































 vs. θ, contrasting the Nix-Gao prediction of h
*
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